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I f  our s tud ies o f  b r a i n  funct ions a r e  t o  lead u l t i m a t e l y  t o  an understanding 

o f  the mechanisms o f  storage o f  in format ion i n  cerebra l  t i ssue,  and e q u a l l y  

impor tant ly ,  t o  ways i n  which i t s  r e t r i e v a l  occurs, we must u n r e l e n t i n g l y  pursue 

processes which might have a causal r e l a t i o n  to ,  and thus uniquely  character ize,  

the l a y i n g  down o f  a memory t race. It has n o t  been c l e a r  t o  what  extent ,  i f  

any, e l e c t r i c a l  events i n  nervous t i s s u e  might bear a causai r e l a t i o n s h i p  io 

the i n i t i a t i o n  of those s t r u c t u r a l  mod i f i ca t ions  i n  and around cerebral  neurons 

t h a t  a r e  presumably the  bas is  o f  in format ion storage. 

I n  these circumstances, one might seek evidence i n  c e r t a i n  o f  the e l e c t r i c a l  

s ignatures der ived f rom b r a i n  t i ssue,  t h a t  would reveal  t h e i r  p r e f e r e n t i a l  

r e l a t i o n  t o  phenomena o f  storage o f  informat ion,  as opposed t o  i t s  mere t ransac t ion .  

That we should seek such d i f fe rences  should be made c l e a r  a t  the outset ,  f o r  i t  

w i l l  remain the c e n t r a l  theme o f  t h i s  review. It may w e l l  be a herculean task,  

chal lenging the  1 i m i t s  o f  current  technologies and i n v i t i n g  our most earnest 

p u r s u i t  o f  new transducing methods i n  b r a i n  t issue.  Yet w i thout  such a phi losophy, 

there  i s  no reason t o  suppose t h a t  even the most earnest study o f  ever f i n e r  

d e t a i l s  i n  synaptology and axonology w i l l  a f f o r d  us a frame f o r  observat ion and 

canprehension o f  t h i s  most unique q u a l i t y  o f  b r a i n  t issue.  The func t iona l  

c o r r e l a t e s  o f  in format ion storage demand cons idera t ion  o f  an anatomical frame 

t h a t  might s p e l l  out  w i t h  equiva lent  c l a r i t y  s t r u c t u r a l  i n t e r r e l a t i o n s  i n  

cerebra l  t i ssue consis tent  w i th  f ind ings  i n  phys io log ica l  s tud ies o f  learn ing  

mechan isms. 

Whether we have succeeded a t  t h i s  t i m e  i n  e s t a b l i s h i n g  even a minimal bas is  

f o r  the  s t r u c t u r a l  and func t iona l  basis o f  in format ion storage i n  b r a i n  t i s s u e  

must remain f o r  f u t u r e  inves t iga t ion .  We s h a l l  review even f i n e r  evidence 

r e l a t i n g  the wave processes i n  cerebral  t i s s u e  both t o  i n t r a c e l l u l a r  events, 

and t o  s p e c i f i a b l e  behavioral  responses n a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t  on; 
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and a t  the c e l l u l a r  l e v e l ,  the r e l a t i o n s  between i n t r a c e l l u l a r  waves and 

those recorded gross ly  f rom a domain o f  t i s s u e  in  the  E E G .  I n  the l a t t e r  

area, we s h a l l  examine the premise t h a t  mere possession o f  a " w i r i n g  diagram" 

o f  c h a r a c t e r i s t i c a l l y  s impler  s t ructures,  such as the  cerebellum or hippocampus, 

might prov ide us w i t h  t h a t  f l a s h  o f  i n s i g h t  by which the very fundaments o f  

cerebral  precesses might staiid reveaied. Hopefui ly ,  we s h a l l  t u r n  away f rom 

such not ions,  recogniz ing i n  both s t r u c t u r a l  and f u n c t i o n a l  o rgan iza t ion  o f  

cerebra l  t i s s u e  aspects o f  uniqueness t h a t  would e f f e c t i v e l y  d e l i n e a t e  it from 

other  q u i t e  complex c e n t r a l  neura l  s t ruc tu res ,  n o t  so endowed w i t h  a capaci ty  

f o r  ready storage and r e t r i e v a l  o f  informat ion.  

I n  the very recogn i t ion  of such a p o s s i b i l i t y ,  has come an awareness t h a t  

m o d i f i c a t i o n  o f  s t a t e  consequent upon in format ion storage may no t  be the 

e x c l u s i v e  prerogat ive o f  the neuronal compartment i n  cerebra l  t issue.  Impedance 

measurements i n  cerebra l  t i s s u e  have a reg ional  s p e c i f i c i t y  i n  changes t h a t  

accompany both a l t e r a t i o n s  i n  broad general s t a t e s  o f  s leep and wakefulness, 

as w e l l  as i n  b r i e f  impedance t rans ien ts  occur r ing  i n  a l e r t i n g ,  o r i e n t i n g  and 

d i s c r i m i n a t i v e  responses. Fur ther  q u a l i t a t i v e  i d e n t i f i c a t i o n  o f  the o r i g i n s  

o f  these impedance changes has been gleaned f o l  lowing degenerative removal 

o f  the b u l k  o f  neuronal elements from cerebra l  nuc le i ,  and has d i r e c t e d  our 

a t t e n t i o n  t o  t h e i r  poss ib le  genesis i n  mucoproteins and mucopolysaccharides 

d i s t r i b u t e d  i n  i n t e r c e l l u l a r  f l u i d ,  where d i v a l e n t  cat ions,  such as calcium, 

may modulate these macromolecular conf igurat ions,  and thus i n d i r e c t l y  in f luence 

i o n i c  f luxes across the neuronal membrane. 

1. Sal i e n t  aspects o f  a tr icompartmental model o f  cerebra l  t issue.  

a. The neuronal compartment 

Nerve c e l l s  i n  mammal ian cerebral cor tex  are arranged i n  a p a t t e r n  

c h a r a c t e r i s t i c a l l y  described as laminar. The degree o f  order1 iness i n  t h i s  

l a y e r i n g  v a r i e s  from one c o r t i c a l  region t o  another, and i s  o f t e n  a h i g h l y  
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sub jec t ive  c r i t e r i o n  (6 , ) .  A unique and c h a r a c t e r i s t i c  fea ture  of cerebra l  

cortex,  on the other  hand, and a l s o  o f  cerebra l  gang l ia  o f  many inver tebra tes ,  

i s  the great over lap o f  the d e n d r i t i c  branches o f  one neuron w i t h  those o f  

adjacent neurons, w i t h  dendro-dendr i t ic  contacts as c lose as i n  synapt ic  

j u n c t i o n s  (59). Possible func t iona l  i n t e r a c t i o n s  which might be i n i t i a t e d  

i n  t h i s  way are  now being invest igated, a l though numbers and loca t ions  o f  

such contacts on any p a r t i c u l a r  neuron remain unknown. Nevertheless, i t  i s  

necessary t h a t  we consider such s t r u c t u r a l  r e l a t i o n s ,  s ince they may determine 

the degree of c e r t a i n  aspects o f  "coupling" between a neuron and others i n  i t s  

v i c i n i t y ,  i n  t h e i r  mutual i n t e r a c t i o n  i n  c e r t a i n  slow wave processes t o  be 

discussed below. 

b. The n e u r o g l i a l  compartment. 

The i n t e r r e l a t i o n s  between neuronal and neurogl i a l  elements i n  cerebra l  

t i s s u e  has been the  subject  o f  elegant reviews elsewhere in t h i s  symposium. 

Only c e r t a i n  features w i l l  be emphasized here. It appears indub i tab le  t h a t  

by t h e i r  i n t e r v e n t i o n  between nerve c e l l s  and the vascular  apparatus, 

neurogl i a l  c e l l s  can exerc ise a regu la to ry  func t ion  on neuronal metabolism. 

The n e u r o g l i a l  envelope has been described by some as  e s s e n t i a l l y  complete 

around i n d i v i d u a l  neurons, whi le  others have noted a more r e s t r i c t e d  

"packeting" o f  g l i a l  elements around synapt ic  terminals ,  and w i t h  r e l a t i v e l y  

bare in tervening areas(52). Enzymatic l o c a l  i z a t i o n  has been described i n  

adjacent membranes where neuronal and n e u r o g l i a l  c e l l s  are i n  contact ,  and 

s i m i l a r l y ,  where n e u r o g l i a l  elements a r e  in contact ,  b u t  n o t  where neuronal 

elements a d j o i n  one another (18). 

c. The e x t r a c e l l u l a r  space. 

There remains fo r  considerat ion a t h i r d  compartment, the e x t r a c e l l u l a r ,  

t r a d i t i o n a l l y  g iven scant a t t e n t i o n  i n  most h i s t o l o g i c a l  descr ip t ions ,  b u t  

which may rank equa l ly  w i t h  the other  two i n  funct ional  s ign i f i cance.  T h i s  
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compartment might be considered o f  l i t t l e  importance if our no t ions  o f  

cerebra l  o rgan iza t ion  requi red i t  merely t o  c o n t r i b u t e  sodium ions. The 

s ize  o f  the e x t r a c e l l u l a r  canpartment has been v a r i o u s l y  est imated, bu t  

recent c y t o l o g i c  and chemical evidence has suggested a l a r g e r  space than 

e a r l  i e r  e l e c t r o n  microscope stud ies had ind icated,  and probably occupying 

as  miich as 15 to  20 percent o f  t ire cerebrai  v o i m  (40). I n  sect ions o f  

mater ia l  prepared i n  ethy lene and propylene g l y c o l ,  and in  the absence o f  

calc ium s a l t s ,  Pease (54) has disclosed subs tan t ia l  amounts o f  m a t e r i a l  i n  

i n t e r c e l l u l a r  c l e f t s  i n  cerebral  cortex,  n o t  revealed i n  c l a s s i c a l  e l e c t r o n  

micrographs prepared from f i x e d  mater ia l .  Th is  substance s t a i n s  s t r o n g l y  

w i t h  phosphotungstic a c i d  a t  pH 3.5, thus d i f f e r i n g  from t y p i c a l  mucopoly- 

saccharides, and i t s  chemical i d e n t i t y  remains undisclosed. 

.. .. 

Movements o f  ions i n  the e x t r a c e l l u l a r  space w i l l  be s u b s t a n t i a l l y  

mod i f ied  by the presence t h e r e i n  o f  macr-olecules e x h i b i t i n g  ion-binding 

and f i x e d  charge c h a r a c t e r i s t i c s  (46,70) so t h a t  i t  i s  no t  poss ib le  t o  model 

i o n i c  behavior i n  the per ineuronal  environment f rom considerat ion o f  a mere 

aqueous s o l u t i o n  p e r m i t t i n g  unimpeded flow. Impedance phenomena t o  be presented 

below requi re considerat ion o f  such macromolecules i n  terms o f  dynamic i n t e r -  

a c t i o n s  w i t h  c e l l u l a r  elements t h a t  they surround. Conductance c h a r a c t e r i s t i c s  

i n  t h e  narrow c l e f t s  between neuronal membranes and adjacent neuronal and 

n e u r o g l i a l  elements w i l l  depend on t h e i r  macromolecular content. 

We may consider the e x t r a c e l  l u l a r  compartment and i t s  macromolecular 

systems a s  suscept ib le  t o  i o n i c  f luxes from neuronal elements on the one hand 

and n e u r o g l i a l  on the other.  

systems i n  t h i s  middle zone, which are exceedingly suscept ib le  i n  t h e i r  molecular 

conformation and ion-binding c h a r a c t e r i s t i c s  t o  the presence o f  d i v a l e n t  cat ions,  

such as calcium, they may e x e r t  an important in f luence on i o n i c  exchanges across 

Moreover, by the very nature o f  these macromolecular 
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neuronal and n e u r o g l i a l  membranes (10). Bennett (19) has termed these macro- 

molecular envelopes "glycocalyces," and has suggested f o r  them a d i r e c t  r o l e  

i n  determining d i f f e r e n t i a l  e n t r y  o f  sodium and potassium t o  p o s i t i o n s  c lose  

t o  the plasma membrane. Others have proposed a r o l e  r e s t r i c t e d  t o  p i n o c y t o t i c  

t r a n s f e r  o f  v e s i c u l a r  m a t e r i a l ,  and s p e c i f i c a l l y  exc lud ing a r o l e  in -  i o n i c  

mecnan i sms (20). 

It i s  proposed t o  consider t h i s  

f i r s t l y ,  as a source o f  f i x e d  charges 

l u l a r  m a t e r i a l  from t w o  aspects; 

membrane surface, responsible for 

e l e c t r o k i n e t i c  phenomena i n  the presence o f  an ex terna l  EMF, and secondly, as 

the probable s i t e  o f  impedance changes i n  cerebral  t i s s u e  accompanying t r a n s i e n t  

a l t e r a t i o n s  i n  i t s  phys io log ica l  s ta te,  inc lud ing  the r e c a l l  o f  s tored in format ion.  

d. The presence o f  f i x e d  charqe i n  the c e l l  membrane. 

The a b i l i t y  o f  macromolecules a t  the c e l l  surface t o  e x h i b i t  f i x e d  charges 

has been ex tens ive ly  tested i n  our labora tory  by E l u l  (30,31), i n  movement o f  

c e l l s  exposed t o  focal  e l e c t r i c  f i e l d s  generated in  the v i c i n i t y  o f  m ic rop ipe t tes .  

Neurons, g l i a ,  and connective c e l l s  i n  t i s s u e  c u l t u r e ,  as w e l l  as  mal ignant c e l l s  

and human erythrocytes in  suspension, move towards the p i p e t t e  when cur ren t  i s  

passed out  o f  i t , and repe l led  by passage o f  cur ren t  i n  the opposi te d i r e c t i o n .  (Fig.1) I nse r t  

was generated by passing 5 x t o  1 x A 

nduced movement o f  c e l l s  a t  a d is tance o f  5 t o  50 p 

c e l l s  embedded i n  c u l t u r e ,  o n l y  l o c a l  deformat ion 

but once set f ree  from the cu l tu re ,  c e l l  movement 

replaced l o c a l  deformation. Metabol ic poisons had no e f f e c t  on the movement, 

nor was i t  d is turbed by rup ture  o f  the c e l l u l a r  membrane. 

fragments showed movements s i m i  l a  r t o  i n t a c t  c e l l s .  

I s o l a t e d  membrane 

The focal  e l e c t r i c  f i e l d  Fig. 1 ' 
he re 

o u t  o f  the micropipet te ,  and 

from the e lec t rode t i p .  With 

o f  the membrane was observed, 

n te rce  

on the  
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Such observat ions requ i re  careful  exc lus ion  o f  c e r t a i n  a r t i f a c t s  i f  the 

movements a r e  t o  be a t t r i b u t e d  t o  a ne t  membrane charge. E l u l  p o i n t s  ou t  t h a t  

the  movements a re  not  dependent on concentrat ion o f  s o l u t i o n s  i n  the mic ro-  

p i p e t t e s  n o r  on the composit ion of the c u l t u r e  medium. The p o s s i b i l i t y  o f  

a r t i f a c t s  due t o  the p r o x i m i t y  o f  the foca l  e lec t rode were considered and 

exciudea, inc iud ing  eiectroosrnosis, and e l e c t r o p h o r e t i c  e f f e c t s  due t o  

chemical p o t e n t i a l  gradients ,  o r  e l e c t r i c  p o t e n t i a l  gradients  o r  t o  e l e c t r o -  

chemical gradients .  It i s  therefore postu la ted t h a t  the movement i s  caused 

by a force a c t i n g  on c e l l s  placed i n  the e l e c t r i c  f i e l d .  Such a force might 

a r i s e  in  two ways; e i t h e r  by a d i f fe rence between the d i e l e c t r i c  constants o f  

a n e u t r a l  s o l i d  body and t h a t  o f  the medium i n  which i t  i s  placed, o r  by the 

presence of a ne t  e l e c t r i c  change on the  s o l i d  body. Analys is  o f  the former 

p o s s i b i l i t y  ind ica tes  t h a t  c e l l s  would e x h i b i t  a tendency t o  move t o  the locus 

o f  minimal e l e c t r i c  f i e l d  i n t e n s i t y ,  o r  in other  words, t o  d r i f t  away from 

the focal  e lec t rode regardless o f  cur ren t  p o l a r i t y .  

I n  summary, the only  feas ib le  mechanism appears t o  be t h a t  i n v o l v i n g  n e t  

e l e c t r i c  charge, and subject  t o  Coulomb's law. 

bound t o  the s t r u c t u r a l  m a t r i x  o f  the membrane, since they p e r s i s t  i n  incubated 

membrane fragments. I n  such a scheme, s e l e c t i v e  permeab i l i t y  i n  the  c e l l  

membrane may be envisaged as a two-step process. 

a t  the ex terna l  surface o f  the membrane o f  potassium ions above t h e i r  b u l k  

concentrat ion,  and a t  a h igher  r a t i o  t o  sodium ion  concentrat ion than i n  the 

s o l u t i o n .  Transfer o f  potassium ions across the membrane would ensue by one 

of the mechanisms widely  proposed f o r  membrane t ranspor t ,  be i t  e i t h e r  by the 

Donnan mechanism, o r  a ''pump," or an i o n i c  exchange mechanism. I t  may be 

emphasized t h a t  i n  such a two-step mechanism, the requirements i n  i o n i c  

s p e c i f i c i t y  would be a f u n c t i o n  o f  the macromolecular groupings, r a t h e r  than 

of  the  i n t r i n s i c  metabol ic funct ions o f  the membrane. 

These charges must be f i r m l y  

There would be an accumulation 
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2. The genesis o f  e l e c t r i c  waves i n  b r a i n  t i s s u e  and t h e i r  r e l a t i o n  t o  

c e l l  f i r i n p .  

I n  e x t r a c e l l u l a r  records, pa i red microelect rodes separated by o n l y  30 p 

record a spontaneous electroencephalogram o f  apparent ly  normal form and 

ampli tude (28). Moreover, no s i m i l a r i t y  could be found between monopolar and 

d l f f e i e r i t i a i  d e r i v a t i o n s  o f  both spikes and slow waves recorded simultaneously 

w i t h  such small t i p  separations. This emphasizes t h a t  the dimensions o f  

c o r t i c a l  d ipo les  generat ing the  EEG a r e  not  necessar i l y  l a r g e r  than the  

dimensions o f  s i n g l e  c e l l s .  

a. The generat ion o f  neural  waves. 

I n  f u r t h e r  inves t iga t ions  by i n t r a c e l l u l a r  recording, E l u l  (29) noted t h a t  

a l though no EEG could be recorded w i th  a l i q u i d - f i l l e d  m i c r o p i p e t t e  on approach ng 

t h e  membrane o f  a s i n g l e  neuron w i t h  recording s e n s i t i v i t i e s  i n  the low m i l l i v o  t 

range, large, rhythmic waves were seen imnediately a f t e r  penet ra t ion  in unanes- 

t h e t i z e d  c o r t i c a l  neurons, superimposed on the r e s t i n g  membrane p o t e n t i a l  (Fig.2). These 

waves have an ampli tude o f  5 t o  l 5  m i l l i v o l t s ,  and are  hundreds o f  t imes l a r g e r  

than the  EEG recorded i n  adjacent e x t r a c e l l u l a r  t i s s u e  o r  on the c o r t i c a l  surface. 

S i m i l a r  f ind ings i n  n e o c o r t i c a l  neurons have a l s o  been reported by Creutz fe ld t ,  

Fuster,  Lux and Nacimiento (24) and Jasper and Ste fan is  (43), and i n  hippocampal 

neurons by F u j i t a  and Sat0 (34). I n s e r t  

F ig .  2 ’ 
he re  

Autospect ra l  analyses o f  i n t r a c e l  l u l a r  waves and the EEG recorded gross ly  

from the same region have ind ica ted  a s t rong general r e l a t i o n s h i p  between the 

two phenomena, both i n  sleep s t a t e s  w i t h  la rge  regu la r  slow waves and i n  the  

r a p i d  wave t r a i n s  o f  the aroused state.  The h igh  res is tance o f  the neuronal 

membrane in  r e l a t i o n  t o  the  low r e s i s t i v i t y  o f  the  enc los ing extraneuronal  

medium s u b s t a n t i a l l y  reduces the  magnitude o f  the EMF appearing i n  the e x t r a -  

neuronal medium through transmembrane cur ren t  f l o w  from i n t r a c e l l u l a r  generators. 
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Ava i l ab le  data support the v iew that  t h i s  a t tenua t ion  would be a t  l e a s t  100:1, 

and a re  compatible w i t h  the observed EEG ampl i tudes o f  50 t o  200 pV a t  the 

c o r t i c a l  surface (Fig.  3 ) .  I nse rt 

F ig .  3 
he re  

> 
Despite the s i m i l a r i t i e s  i n  autospect ra l  dens i t y  contours between 

i n t r a c e l l u l a r  waves and the gross EEG, ca l cu la t i ons  o f  cross-spect ra l  func t ions ,  

t r a i n s  c l e a r l y  reveal t h a t  the 

on o f  phase-locked con t r i bu t i ons  

coherence rema i n  e x t  r e m  1 y 1 ow 

have ind i ca t -d  t h a t  the con t r i bu t i ons  from 

on a s t a t i s t i c a l  basis.  The c o r t i c a l  

rements o f  the cen t ra l  1 i m i t  theorem o f  

ampl i tude d i s t r i b u t i o n s ,  which a re  n o t  

and p a r t i c u l a r l y  the coherence, between the two 

gross EEG does no t  a r i s e  from the simple summat 

from the i n t r a c e l l u l a r  wave process. Levels o f  

over long per iods( (Fkq i l ' s  - 4) s tud ies 

the i n t r a c e l  l u l a r  generators occur 

generators appear t o  meet t h e  requ 

Cramer (23), e x h i b i t i n g  i nd i v idua l  

l i n e a r l y  re la ted ,  possess a mean, and a 

concludes tha t  the EEG may be accounted 

from a combination o f  a c t i v i t y  o f  non-1 

w i t h  frequency c h a r a c t e r i s t i c s  o f  i n d i v  

f i n i t e  standard dev ia t i on  (49). E l u l  

f o r  as the normal d i s t r i b u t i o n  ensuing 

nea r 1 y re  l a  ted  neu rona 1 gene ra t o r s ,  

dual generators r e l a t i n g  s t r o n g l y  t o  

i n s e r t  the  gross EEG, b u t  w i t h  loss of phase r e l a t i o n s  i n  the process o f  summation. 

he re I f  such gross rhythmic mves  a r i s e  i n  summed a c t i v i t y  o f  neuronal generators,  

i t  i s  a l s o  necessary t h a t  we consider ways i n  which i nd i v idua l  generators may 

(6,321. 

tude 

l u l a r  

wave a c t i v i t y  was no t  d i s t r i b u t e d  i n  a Gaussian fashion. I f  then, the gross  EEG 

be coupled i n  cons tan t ly  va ry ing  degrees t o  o the r  generators i n  the system 

We have there fore  inves t iga ted  amplitude histograms o f  the gross EEG as an 

i n d i c a t o r  o f  the cooperat ive behavior o f  neuron populat ions.  Whereas ampl 

histograms o f  the gross EEG tended t o  reach a normal d i s t r i b u t i o n ,  i n t race  

i s  der ived  through s p a t i a l  summation o f  i n d i v i d u a l  generators having non-Gaussian 

ampl i tude  d i s t r i b u t i o n s ,  t h i s  i s  feas ib le ,  according t o  the cen t ra l  1 i m i t  theorem, 

o n l y  i f  1 inear c o r r e l a t i o n  i s  1 imi ted between the i nd i v idua l  generators. 
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I Recordings i n  human subjects w i th  surface e lect rodes and e lect rodes 

c h r o n i c a l l y  implanted i n  the hippocampus and amygdala, have shown t h a t ,  

a l though convergence t o  Gaussian does occur i n  heal thy b r a i n  t i ssue,  i t  i s  
I 
I 
I n o t  p e r f e c t  and markedly decreases dur ing performance o f  demanding mental 

I 
tasks. Since the sampled c o r t i c a l  neurons showed non-Gaussian a c t i v i t y  

I 
I t h a t  the changes observed i n  d i s t r i b u t i o n  o f  the gross EEG under var ied  

behavioral  s t i m u l i  cannot be who1 l y  a t t r i b u t e d  t o  changes i n  amp1 i tude 

I d i s t r i b u t i o n  o f  the u n i t a r y  generators. Rather, these changes i n  the ampli tude 

~ 

d i s t r i b u t i o n s  o f  the gross EEG could a r i s e  i n  terms o f  increased o r  decreased 

c o r r e l a t i o n  between i n d i v i d u a l  neurons i n  the sampled populat ion.  I f  t h i s  

i n t e r p r e t a t i o n  i s  cor rec t ,  ampli tude histograms o f  the EEG would prov ide  an 

est imate o f  cooperative behavior o f  neuron populat ions.  

b. The r e l a t i o n s h i p  o f  neuronal f i r i n g  t o  waves and evoked p o t e n t i a l s .  

The f i r i n g  o f  the  neuron i n  r e l a t i o n  t o  evoked p o t e n t i a l s  o r  induced 

wave t r a i n s  i n  the same domain o f  t issue appears complex, (33), as i s  the 

s imultaneously recorded a c t i v i t y  o f  n-urms i n  a s ing le  region a f t e r  a 

s t imulus (15,63). Fox and O'Brien (35) have found t h a t  v a r i a t i o n s  i n  f i r i n g  

r a t e  of  a s i n g l e  c o r t i c a l  u n i t  f o l l o w  a contour s i m i l a r  t o  the  evoked p o t e n t i a l  

i n  the same region, b u t  on ly  a f t e r  a s  many as several thousand r e p e t i t i o n s  o f  

the st imulus.  These f ind ings  may be i n t e r p r e t e d  i n  support of the view t h a t  

the f i r i n g  p a t t e r n  o f  the ind iv idua l  neuron bears o n l y  a s t a t i s t i c a l  r e l a t i o n s h i p  

t o  the behavior o f  the in tegrated neuronal populat ions,  as manifested by the 

e s s e n t i a l l y  constant contour o f  the evoked p o t e n t i a l .  

~ 

~ 

I n  i n t r a c e l l u l a r  records, the f i r i n g  o f  the neuron occurs near, b u t  n o t  

necessar i l y  a t ,  the peaks of the depo lar iz ing  phase o f  the i n t r a c e l l u l a r  wave (5). 

However, we have cons is ten t ly  observed t h a t  the leve l  of d e p o l a r i z a t i o n  reached 
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on the depo lar iz ing  peaks o f  these waves i s  n o t  the c r i t i c a l  determinant o f  

the i n i t i a t i o n  o f  f i r i n g .  I n  many instances d e p o l a r i z i n g  peaks exceeded those 

on which f i r i n g  occurred w i thout  i n i t i a t i o n  o f  a sp ike,  suggesting t h a t  t h e  

r e l a t i o n s h i p  between i n t r a c e l l u l a r  waves and the  spike output  may no t  always 

be a l i n e a r  one. The i n t r a c e l l u l a r  microelect rode may o f f e r  a r e s t r i c t e d  

window on focal  membrane p o t e n t i a l  changes t h a t  do not  necessar i l y  r e f l e c t  

changes occur r ing  i n  the v i c i n i t y  o f  the axon h i l l o c k ,  where impulse i n i t i a t i o n  

presumably a r ises .  The quest ion o f  s e l e c t i v e  i n t e r n a l  cur ren t  paths t o  the 

spike t r i g g e r i n g  zone has been discussed elsewhere ( 3 ) .  

4. The human electroencephaloqram i n  b a s i c  behavioral  s ta tes  and t a s k  performance; 

es tab l  ishment o f  popu la t ion  means. 

To t h i s  p o i n t ,  we have considered the EEG i n  a domain o f  t i s s u e  i n  terms 

o f  con t r ibu t ions  from u n i t a r y  generators. It seems c l e a r  t h a t  the  EEG recorded 

gross ly  does indeed c l o s e l y  r e f l e c t  aspects o f  c e l l u l a r  behavior w i t h i n  the  

neuronal populat ion.  I f ,  however, we a re  t o  genera l ize across populat ions o f  

subjects,  and t o  r e l a t e  the EEG, not on ly  t o  bas ic  s ta tes  of consciousness, 

b u t  a l s o  t o  ever f i n e r  grades o f  performance, we must conf ront  the problem of 

subs tan t ia l  d i f fe rences  between EEG records from d i f f e r e n t  i n d i v i d u a l s .  Do they, 

nevertheless,  conceal c m o n  c h a r a c t e r i s t i c s  no t  detectable by v i s u a l  observat ion? 

We have sought t o  e s t a b l i s h  by computer ana lys is  the presence o f  common 

EEGfactors i n  a popu la t ion  o f  50 astronaut candidates, both i n  r e l a t i o n  t o  t a s k  

performances and assessment o f  basic s ta tes  o f  sleep and wakefulness (68). 

To ensure accurate t i m i n g  i n  presentat ion o f  perceptual  and learn ing  tasks,  

a magnetic tape command system was used, and phys io log ica l  data was recorded on 

t h  command s igna ls .  

s ,  w i t h  c a l c u l a t i o n  of  au to-  and cross-spectra1 

a r  EEG channels from standard e lec t rode placements 

The EEG data was subjected t o  magnet i c tape, tog 

i ntens ive spectra 1 

func t ions  f o r  the 

i n  a l l  subjects.  



. 
A f t e r  the i n i t i a l  spec t ra l  ana lys is  f o r  each sub jec t ,  the output  data 

was synthesized by an averaging procedure, cover ing a l l  50 subjects  i n  t h e  

var ious t e s t  s i t ua t i ons ,  and i n  selected sleep epochs. These averages were 

made f o r  each scalp region, and are presented as a se r ies  o f  bar  graphs, 

cover ing the spectrum from 0 t o  25 cyc les per  second. F i r s t ,  an average 

was prepared of spectrs! d e n s l t l e s  st esch s e ! p  recsrding s i t e  f o r  a ! !  

t e s t  epochs (Fig.  5, top l e f t )  inc lud ing  s i t t i n g  w i t h  eyes closed a t  res t ,  

eyes closed du r ing  1 per  second f l ash  s t i m u l i ,  du r ing  an aud i to ry  v i g i l a n c e  

task,  du r ing  v i s u a l  d i sc r im ina t i ons  a t  3 second i n t e r v a l s ,  and a s i m i l a r  

I n s e r t  se r ies  o f  more d i f f i c u l t  d i sc r im ina t i ons  a t  1 second in te rva l s .  

F ig .  5 ' 
he re  The contours o f  these "lumped" spectra were then used as the mean f o r  

comparison w i t h  the  spectra f o r  the i nd i v idua l  s i t u a t i o n s .  The subsequent 

graphs i n  Fig.5 thus show the v a r i a t i o n s  about the  mean es tab l i shed over 12 

s i t u a t i o n s  i n  the top  l e f t  f i gu re .  Spectral  d e n s i t i e s  above the mean a t  any 

frequency have bars above the basel ine and v i c e  versa. Lengths o f  these bars 

a re  i n  u n i t s  of the standard dev ia t i on  a t  t h a t  frequency, so tha t  r e l a t i v e  

v a r i a t i o n  i s  emphasized. 

Such a d i sp lay  c l e a r l y  separates spec t ra l  dens i t y  d i s t r i b u t i o n  f o r  the 

50 subjects  

more d i f f i c u  

t h a t  a1 ready 

n the 5 s i t u a t i o n s  shown. Moreover, the d i s t r i b u t i o n s  f o r  the 

t v i sua l  d i sc r im ina t i ons  (F ig .  5, lower r i g h t )  exempl i fy  t rends 

character ize d i sc r im ina t i ons  made i n  3 seconds (Fig. 5, lower middle) .  

P a t t e r n  recogn i t ion  techniques descr ibed below c l a r i f y  d i f f e rences  between 

records i n  these two tasks. The method a l s o  a l lows comparison of an i n d i v i d u a l  

w i t h  the mean f o r  the group, o r  w i t h  h i s  own mean, us ing  a two-color d i s p l a y  

techn ique. 
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5. Pa t te rn  recoqn i t i on  techniques appl ied t o  spec t ra l  parameters i n  

d e f i n i n g  a t t e n t i o n  s tates.  

I f ,  then, a ser ies  o f  group means can be estab l i shed f o r  the EEG i n  a 

v a r i e t y  o f  s ta tes  o f  a t t e n t i o n ,  would i t  be poss ib le  t o  categor ize w i t h  

equ iva len t  c l a r i t y  the EEG o f  a s ing le  subject  recorded du r ing  de f ined 

behaviora l  p e r f o m n c e s ?  A d isc r im inant  ana lys i s  was appl ied t o  spec t ra l  

outputs  i n  4 subjects  cover ing 5 s i tua t i ons :  eyes open a t  res t ,  an aud i to ry  

v i g i l a n c e  task,  and the two v i s u a l  d i s c r i m i n a t i v e  tasks descr ibed above (67). 

Data from 4 EEG channels was analyzed i n t o  4 frequency bands, corresponding 

t o  the c l a s s i c a l  d e l t a  (1.5 t o  3.5 c/sec), theta (3.5 t o  7.5 c/sec), a lpha 

(7.5 t o  12.5 c/sec) and beta (12.5 t o  25 c/sec) bands. I n  each band, measure- 

ments were made o f  the s t reng th  o f  a c t i v i t y  i n  each channel, mean frequency 

w i t h i n  the band, bandwidth w i th in  the band, and the coherence between p a i r s  

I n s e r t  o f  channels (Fig. 6). e 
he re  

Th is  d isc r im inant  ana lys i s  program f i r s t  considers a l l  the measurements 

f o r  a1 1 the segments, and se lec ts  tha t  parameter which best d isc r im ina tes  

segments recorded i n  d i f f e r e n t  s i t u a t i o n s .  I t  then reexamines a l l  measurements 

and chooses the parameter which w i l l  add most t o  the d i s c r i m i n a t i n g  power o f  

the f i r s t  measurement, and then continues t h i s  i t e r a t i v e  process u n t i l  i n s u f f i c i e n t  

improvement i s  made by adding another parameter. The f o u r  va r iab les  which best  

d i s t i n g u i s h  among the f i v e  s i t u a t i o n s  are :  l e f t  p a r i e t o - o c c i p i t a l  a lpha i n t e n s i t y ,  

the mean frequency o f  the ta  band a c t i v i t y  i n  the ver tex,  the coherence i n  the 

the ta  band between l e f t  p a r i e t o - o c c i p i t a l  and ver tex ,  and coherence i n  the beta 

band between ver tex  and b i o c c i p i t a l  leads. 

A f t e r  15 measurements were selected, the records from ind i v idua l  subjects  

were c o r r e c t l y  c l a s s i f i e d  on 95, 93, 96, and 90 per cent o f  the tes ts ,  compared 

w i t h  on l y  65 per  cent f o r  the group as a whole. I t  would thus appear t h a t  each 
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subject  may have a s p a t i a l  l y  and numer ica l ly  character ized EEG "signature," 

as t o  which measurements a r e  most e f f e c t i v e  i n  d i s t i n g u i s h i n g  d i f f e r e n t  

s i t u a t i o n s .  

I n  these f i r s t ,  h a l t i n g  steps i n  the use o f  EEG p a t t e r n  recogn i t i on  

techniques, we nevertheless appear t o  have w i t h i n  our  grasp a t o o l  s u f f i c i e n t l y  

f i n e  t o  recognize the d i f f e rences  between the  EEGs o f  i nd i v idua ls  per forming 

a moderately d i f f i c u l t  v i sua l  d i s c r i m i n a t i o n  i n  3 seconds and a s i m i l a r  bu t  

s u b s t a n t i a l l y  more d i f f i c u l t  t ask  i n  1 second. I t  would seem reasonable t o  

suggest t h a t  p u r s u i t  o f  such methods o f f e r s  an oppor tun i ty  no t  on ly  t o  ca tegor ize  

the complex i t ies o f  b r a i n  wave pa t te rns ,  bu t  t o  approach i n  a f a r  more r igorous  

frame the under ly ing  s u b t l e t i e s  of cerebral  system organ iza t ion  i n  processes 

o f  a t t e n t i o n  (66). 

6. Comparison o f  a t t e n t i o n  pa t te rns  i n  an ast ronaut  du r ing  s imulated f l i g h t  

and ac tua l  launch i n t o  o r b i t .  

The power o f  the EEG t o  mani fest  s u b t l y  s h i f t i n g  pa t te rns  r e l a t i n g  t o  

extreme requirements i n  focused a t t e n t i o n  i s  s t r i k i n g l y  demonstrated in  our  

analyses o f  records f rom Astronaut F. Borman i n  an a l t i t u d e  chamber s imu la t i on  

and du r ing  the pe r iod  p r i o r  t o  and fo l l ow ing  launch i n  the Gemini GT-7 f l i g h t .  

Th is  data was co l l ec ted  under the superv is ion o f  D r .  P.M. Kellaway and D r .  R. Maulsby 

I n  each study, i d e n t i c a l  e lect rode placements and tape record ing equipment 

were used. E lect rode placements f o r  the two channels in  the s imu la t i on  and i n  

space f l i g h t  spanned a wide zone o f  sca lp from ve r tex  t o  o c c i p i t a l  region, 

w i t h  one p a i r  located i n  the m id l i ne ,  and the o the r  spanning the l e f t  p a r i e t o -  

o c c i p i t a l  area (47). 
(Fig.  7) 

I n  the simulation,/samples were analyzed over a 10 minute per iod  character  

by t y p i c a l  a l e r t e d  pa t t l? rns ,  and occasional movement a r t i f a c t s  (epochs 28 t o  30 

i n  channel 4, and epoch 29 i n  channel 5).  These contour p l o t s  show r e l a t i v e l y  

zed 
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low powers a t  a l l  f requencies above 5 cyc les per  second, and lack  any c l e a r  

peak i n  the alpha range around 10 cycles per  second. Simple averages o f  

spec t ra l  dens i t y  were prepared f o r  each channel, cover ing the whole t e s t  epoch. 

The s o l i d  l i n e  shows a l i n e a r  p l o t  o f  spec t ra l  d e n s i t i e s ,  and the dashed l i n e  

a logar i thmic  p l o t ,  over the spectrum from 3 t o  30 cyc les per  second. In bo th  

channeis, a broad and i l l d e f i n e d  a i p k i  peak a t  3 to !3, ~yt!e; i ;ei  ;ecoid i; 

overshadowed by h ighe r  powers i n  the the ta  range from 5 t o  7 cycles per  second. 

Coherence between the two channels reached s i g n i f i c a n t  l e v e l s  (b lack  areas i n  

r i g h t  contour p l o t )  on ly  i n t e r m i t t e n t l y ,  and almost s o l e l y  i n  the range from 

3 t o  5 cycles per  second. These f ind ings  cont ras t  sharp ly  w i t h  c e r t a i n  aspects 

I n s e r t  o f  the f l i g h t  records. 

F ig .  7 
he re The data from the prelaunch per iod and a subs tan t i a l  p a r t  o f  the f i r s t  

o r b i t  a re  shown i n  F ig .  

and t ime on the ord inate.  The prelaunch per iod  was character ized by increased 

amounts o f  theta rhythms than was seen i n  basel ine records. A t  one minute 

before l i f t  o f f ,  there was a f u r t h e r  increment o f  theta a c t i v i t y  and i n  the 

h igher  frequencies i n  the alpha and beta bands. This  may be i n te rp re ted  as 

r e l a t i n g  t o  s t rong ly  focused a t t e n t i o n  and o r i e n t i n g  responses i n  t h i s  novel  

s i t u a t i o n .  The power dens i ty  o f  the EEG was augmented by a f a c t o r  o f  10 over  

many frequencies before and fo l l ow ing  launch, i n d i c a t i n g  a s t rong EEG "arousal 

react ion."  Thereaf ter ,  there was a slow dec l i ne  i n  these augmented dens i t i es ,  

w i t h  recurrent  epochs of  h igher  powers i n  the h igher  frequency bands above 10 

cyc les  per  second i n  the f i r s t  h a l f  hour o f  f l i g h t .  

8, w i t h  the EEG spectrum p l o t t e d  on the abscissa, 

Coherence measurements between the two channels ( r i g h t  hand f i g u r e  i n  each 

row) showed s t r i k i n g  d i f fe rences  from the s imu la t ion  basel ine.  Coherence grew 

t o  s i g n i f i c a n t  l eve l s  (black areas) a t  p rogress ive ly  h igher  frequencies i n  the 

range from 3 t o  9 cycles per  second up t o  the moment o f  launch. Thereaf ter  i t  

dec l ined t o  non -s ign i f i can t  leve ls  a t  most f requencies f o r  the next 30 minutes. 
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This  was fo l lowed by an enonnous rebound ( i n  the ower f i g u r e )  t o  extreme 

h igh  l eve l s  i n  the range from 3 t o  1 1  cyc les per  second f o r  the next 40 

Y 

minutes, and a progress ive dec l i ne  therea f te r .  These h igh  coherence l e v e l s  

were no t  seen i n  any o f  the ground based recordings, no r  i n  any subsequent 

I n s e r t  p a r t  o f  the f 1 i g h t  records. 

he re 
~t i s  r a r e i y  indeed t h a t  one has an oppor tun i ty  t o  secure such data i n  

circumstances requ i r i ng  h i g h l y  focused a t t e n t i o n  under cond i t ions  o f  severe 

e 

environmental s t ress .  The f i nd ings  suggest t h a t  coordinated a c t i v i t y  between 

la rge  masses o f  c o r t i c a l  t i ssue ,  as measured by the  coherence between them, 

may depend c r i t i c a l l y  on a n t i c i p a t o r y  o r  r e c a p i t u l a t o r y  aspects o f  a novel and 

haza rdous experience. 

7. E lec t rophys io log i ca l  s tud ies o f  arousal ,  o r i e n t a t i o n  and d i sc r im ina t i on .  

From the broad window on pat terns o f  b r a i n  e l e c t r i c a l  a c t i v i t y  a v a i l a b l e  

from scalp records, we may r e t u r n  t o  f i n e r  pa t te rns  t o  be discerned i n  c o r t i c a l  

and subcor t i ca l  s t ruc tu res  as concomitants o f  a l e r t i n g ,  o r i e n t i n g  and d i sc r im ina te  

responses. The development o f  cond i t iona l  f i r i n g  pa t te rns  i n  cerebra l  neurons 

w i l l  be b r i e f l y  reviewed p r i o r  to  d iscuss ion of EEG processes a l s o  re la ted  t o  

establ ishment and maintenance o f  cond i t iona l  phenomena. These top i cs  have 

been discussed i n  d e t a i l  elsewhere ( 3 ) .  

a. U n i t  f i r i n g  pa t te rns  i n  cond i t iona l  responses. 

Polymodal input  t o  i n d i v i d u a l  cel  1s i n  brainstem and diencephal i c  r e t i c u l a r  

s t r u c t u r e s  (49,60\ has suggested tha t  "temporary connections" may be es tab l  ished 

v i a  these c e l l s .  Despite great v a r i a b i l i t y  of responses i n  c o r t i c a l  s t ruc tu res ,  

meaningful  pa t te rns  have a l s o  been detected a t  t h i s  l eve l  (42,51,71). The 

importance o f  r e t i c u l a r  s t ruc tu res  i n  cond i t i on ing  has been es tab l i shed i n  

both record ing and les ion  experiments (22,25,37). 

r e l a t i v e  ease o f  establ ishment o f  cond i t iona l  behavior i n  pa leoco r t i ca l  and 

Olds and Olds (51) have emphasized the 

s u b c o r t i c a l  u n i t s ,  by comparison w i th  c o r t i c a l  un i t s .  



Medial thalamic u n i t s  can be repeatedly ex t ingu ished and re t ra ined  

dur ing  c lass ica 1 cond i t  i on ing . The i r behavior du r ing  repeated cond i t  ion i ng 

and e x t i n c t i o n  emphasizes the p l a s t i c i t y  o f  responsiveness o f  s i n g l e  c e l l s  

i n  such a paradigm, w i t h  gradual appearance o f  f i r i n g  pa t te rns  which might 

be the converse o f  those i n i t i a l l y  e l i c i t e d  (45). E x t i n c t i o n  t e s t s  f o l l o w i n g  

each condi t ion ing  a : r o  exhlbTted p;ogre;;ivz reb=.;nd phen=ena, sc) t h a t  Over 

a per iod  o f  several  hours i t  was poss ib le  t o  de tec t  a se r ies  o f  gradual changes 

t h a t  increased i n  magnitude, as we l l  as showing q u a l i t a t i v e  d i f f e rences  f rom 

I n s e r t  those i n  the f i r s t  e x t i n c t i o n  t r i a l  (Fig. 9 ) .  

Fig .  9 
he re  

The " t ra in ing1 '  s i t u a t i o n  used by Kamikawa e t  a l .  (45) involved p a i r i n g  

of a l i g h t  f l ash  as a cond i t i ona l  st imulus w i t h  an uncondi t ional  shock t r a i n  

800 msec. Tests t o  the s c i a t i c  nerve. The CS-US i n te rva l  ranged from 300 to 

w i t h  i n t e r v a l s  sho r te r  than 300 msec f a i l e d  t o  e l i c i t  a cond 

T r a i n i n g  t r i a l s  were g iven once every 10 sec. A change i n  f 

i n t e  rva 1 cha racte r i s t i c o f  a cond i t i ona 1 response requ i red a 

50 t r i a l s ,  presented over a pe r iod  o f  about 20 minutes. 

t i  ona 1 response. 

r i n g  i n  the CS-US 

minimum o f  about 

These f i nd ings  o f f e r  some p o s s i b l i t y  o f  an understanding o f  processes 

t h a t  might under1 i e  l a s t i n g  s t r u c t u r a l  changes associated w i t h  a memory t race .  

The requi red minimal CS-US i n t e r v a l  o f  the order  o f  300 rnsec suggests a t ime 

scale comparable w i t h  e lec t rophys io log i ca l  events a t  the neuronal membrane 

such as the prolonged i n h i b i t o r y  postsynapt ic p o t e n t i a l s  seen i n  c o r t i c a l  

neurons (16) l a s t i n g  up t o  several  hundred m i l l i seconds ,  and w i thout  an 

e q u i v a l e n t l y  p e r s i s t e n t  counterpart  i n  sp ina l  motoneurons; o r  w i t h  wave 

processes i n  c o r t i c a l  neurons, which a t  t h i s  t ime a r e  less d e f i n i t e l y  re la ted  

t o  synapt ic  p o t e n t i a l s  (5).  On the o ther  hand, the requirement tha t  t r a i n i n g  

t r i a l s  have a t ime course o f  20 minutes t o  generate a cond i t iona l  response 

suggests a much slower process, perhaps the synthesis o f  a macromolecule, 
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p r o t e i n  i n  nature,  and located a t  the neuronal membrane, where i t  might  

d i r e c t l y  in f luence the e x c i t a b i l i t y  o f  the c e l l  by synapt ic  vo l l eys .  

b. EEG co r re la tes  o f  o r i e n t a t i o n  and d i sc r im ina t i on .  

The c h a r a c t e r i s t i c s  o f  spontaneous rhythm changes i n  c l a s s i c a l  cond i t i on ing  

have been reviewed i n  d e t a i l  elsewhere ( 3 ) .  These s tud ies  o f  the a c t i v a t e d  EEG 

response represents a s tereotype tha t  can scarce ly  be pursued f u r t h e r  i n  f i n e r  

ana lys i s  of co r re la tes  w i t h  behavioral  responsiveness and cond i t ion ing .  Yet 

i t  has long been recognized (41) tha t  c e r t a i n  manipulat ions o f  a c l a s s i c a l  

cond i t i on ing  procedure leads t o  t r a i n s  o f  synchronous slow waves. This  was 

observed where the CS-US i n t e r v a l  was prolonged, o r  i n  c o r t i c a l  areas surrounding 

a foca l  a c t i v a t e d  response, and was a t t r i b u t e d  by Gastaut (36) t o  " i n te rna l  

i n h i b i t i o n "  i n  the Pavlovian sense. 

Recogni t ion tha t  a synchronous, ra the r  than ac t i va ted ,  p a t t e r n  o f  c o r t i c a l  

a c t i v i t y  accompanies c e r t a i n  aspects o f  c l a s s i c a l  cond i t i on ing ,  has led  t o  a 

f i n e r  ana lys is  o f  d i s t r i b u t i o n  o f  wave a c t i v i t y  i n  c o r t i c a l  and subcor t i ca l  

s t ruc tu res  r e g u l a r l y  occur r ing  i n  c e r t a i n  operant performances, and t o  extens ive 

computer ana lys i s  o f  t h e i r  pa t te rns  (4,11, 12, 56, 58, 66). 

Much a t t e n t i o n  has been d i rec ted  t o  a l l o c o r t i c a l  s t ruc tu res  o f  the 

amygdaloid and e s p e c i a l l y  the hippocampal systems i n  depos i t ion  o f  the memory 

t race  (1,14,17,38). The grea t  a n t i q u i t y  o f  the hippocampal system i n  e v o l u t i o n  

of the bra in ,  and the essen t ia l  s t a b i l i t y  o f  i t s  bas ic  s t r u c t u r e  i n  the face o f  

immense evo lu t i ona ry  changes i n  the remainder o f  the cerebra l  mantle a re  i n  

themselves a challenge t o  an understanding o f  i t s  f unc t i ona l  ro le .  Despi te 

s t r o n g l y  suggest ive evidence f o r  i t s  p a r t i c i p a t i o n  i n  essen t ia l  processes o f  

memory even i n  simple bra ins,  p e r s i s t i n g  d i f f i c u l t i e s  i n  such an easy i n t e r -  

p r e t a t i o n  demand a caut ious a t t i t u d e .  Thus, the memory t race  may be l a i d  down 
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outs ide the hippocampal system (55), bu t  i n t e g r i t y  o f  i t s  i n t e r r e l a t i o n s  w i t h  

these seemingly unre la ted  c o r t i c a l  and subcor t i ca l  regions may be v i t a l  t o  I 

the appropr ia te  r e c a l l  o f  p rev ious ly  learned d i s c r i m i n a t i v e  h a b i t s  (13 ) .  I n  

cons idera t ion  o f  sometimes incompatible and even con t rad i c to ry  f ind ings  f r a n  

a v a r i e t y  o f  l e s i o n  s tud ies,  Drachman and Ommaya (26) have concluded t h a t  the 

essen t ia i  defects  a f t e r  hippocampai ies ions  invo ive impairment o f  a c q u i s i t i o n  

and loss  o f  re ten t i on ,  ra the r  than impaired shor t - term memory. 

Our s tud ies  i n  the hippocampal system i n  the course o f  learn ing  a d i s -  

c r i m i n a t i v e  task  have sought evidence o f  a l t e r e d  e l e c t r i c a l  pa t te rns  c lose ly  

co r re la ted  w i t h  a c q u i s i t i o n  o f  a learned task,  and more fundamentally, whether 

such mod i f i ca t i ons  might suggest anything about the essen t ia l  processes o f  

storage i n  cerebra l  t i ssue  ( 4 , I l ,  12,13,58,65). The neuron may be considered 

i n  terms o f  i t s  a b i l i t y  t o  sense complex spat iotemporal  pa t te rns  o f  waves 

induced a t  i t s  surface. Such a frame of func t iona l  o rgan iza t ion  would a s s i s t  

i n  d e f i n i n g  the poss ib le  uniqueness o f  i n t e g r a t i v e  processes i n  c o r t i c a l  systems, 

character ized by d e n d r i t i c  over lap i n  a pa l  isade arrangement o f  c e l l s  as desc ibed 

above, and w i t h  wave phenomena a s  a concomitant o f  e l e c t r o t o n i c  processes, wh ch 

appear l a r g e l y  l oca l i zed  i n  d e n d r i t i c  s t ruc tu res .  

We have ex tens i ve l y  studied hippocampal EEG a c t i v i t y  i n  the ca t  i n  the 

course of a c q u i s i t i o n  of a v i s u a l  d i s c r i m i n a t i v e  performance, i n  a mod i f ied  

T-maze, w i t h  approach t o  a concealed food reward on the bas is  o f  a v i s u a l  cue. 

Whereas a l e r t e d  behavior was accompanied by a wide spectrum o f  a c t i v i t y  a t  

4 t o  7 cyc les per  second, w i t h  a 4 cyc les per  second dominant, the per iod  o f  

d i s c r i m i n a t i v e  performance was character ized by a very regu la r  bu rs t  o f  ' ' theta" 

waves a t  an e s s e n t i a l l y  s i n g l e  frequency around 5.5 cyc les per second i n  the 

d o r s a l  hippocampus, and i n  the en to rh ina l  area o f  the py r i f o rm cor tex.  
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Concurrent ly,  less regu la r  and less constant rhythmic processes were f r e q u e n t l y  

noted i n  subcor t i ca l  s t ruc tu res  inc lud ing midbra in r e t i c u l a r  format ion and 

subthalamus. The l a t t e r  a re  under cont inu ing i n v e s t i g a t i o n  (27). 

i) Assessment by computed averages o f  hippocampal and midbra in r e t i c u l a r  

EEGs dur ing  t a s k  a c q u i s i t i o n  and a f t e r  cue reversal  i n  the cat .  

%.,LA- - - - - : - . - - A t . . -  L . I . L . .  
wll,=tt di3L.I I t t t I t l a c t v t :  SUI  I I L Y  was s t i l i  ai. chance i e v e i s ,  but  a r e i a t i v e i y  

s t a b l e  response p a t t e r n  and approach la tency were a l ready es tab l  shed, computed 

averages o f  hippocampal EEGs dur ing  30 o r  40 d a i l y  t r i a l s  showed some r h y t h m i c i t y  

a t  5 cycles per  second. 

f requent ly  a dec l ine  i n  rhy thmic i ty  o f  the average a t  performance l e v e l s  between 

80 and 90 per cent. A t  performance l e v e l s  around 100 per  cent, a g rea ter  degree 

o f  r e g u l a r i t y  was noted than a t  any previous stage o f  t r a i n i n g  (Fig.10). The t r a n s i e n t  

decl  ine i n  r h y t h m i c i t y  a t  m id- t ra in ing  d i d  not  r e l a t e  t o  a dec l ine  i n  r e g u l a r i t y  

o f  the 5 cycles per  second burs t  i n  i n d i v i d u a l  records. I t  thus appears t o  have 

resu l ted  from e i t h e r  a loss o f  phase-locking o f  these burs ts  t o  the onset o f  

the s i t u a t i o n a l  presentat ion a t  mid- t ra in ing ,  o r ,  poss ib le ,  t o  the appearance 

o f  s i g n i f i c a n t  degrees o f  frequency modulat ion on the 5 cycles per  second burs ts ,  

as detected by s e n s i t i v e  d i g i t a l  f i l t e r i n g  techniques ( 1 1 ) .  By cont ras t  w i t h  

subcor t i ca l  s t ruc tu res ,  such as the midbra in r e t i c u l a r  formation, the  r e g u l a r  

components o f  the hippocampal EEG pers is ted  i n t o  s u b s t a n t i a l  o v e r t r a i n i n g ,  

I n  the course o f  subsequent t r a i n i n g ,  there was 

I n s e r t  a l though the dura t ion  o f  the regular b u r s t  was o f t e n  abbreviated. 

F i g .  10’ 
he re 

On the f i r s t  day a f t e r  cue reversa l ,  averages o f  hippocampal a c t i v i t y  

were extremely regu la r  a t  5.5 cycles p e r  second, h igher  i n  ampli tude than 

before cue reversa l ,  and susta in ing throughout the approach. The increase 

i n  averaged output  apparent ly  resul ted from diminished s c a t t e r  i n  phase pa t te rns  

i n  consecutive performances, ra ther  than from increased amp1 i tude i n  the 

i nd i v  idua 1 bu r s t s .  
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I n  ensuing t r a i n  ng days w i t h  performances f rom 50 t o  75 per  cent ,  there  

was a progress ive dec ine i n  amplitude and r e g u l a r i t y  o f  the computed hippocampal 

average. On at ta inment  o f  a performance l e v e l  around 90 per  cent i n  the new 

paradigm, a h i g h l y  rhythmic average again appeared. Repeated cue reversa ls  

w i t h  r e t r a i n i n g  t o  h igh  performance l e v e l s ,  o r  subs tan t i a l  o v e r t r a i n i n g  i n  a 

p a r r i c u i a r  paradigm, ied  on iy  io shortening o i  iiia iengtt-i o f  the regular avei-aye. 

By cont ras t ,  subcor t i ca l  s t ruc tu res ,  such as the  midbra in r e t i c u l a r  format ion,  

showed a f t e r  each cue reversa l  a dec l ine  and then a gradual  reestabl ishment o f  

a regu la r  average a t  h igh  performance leve ls .  Beyond the f i f t h  o r  s i x t h  cue 

reversa l  over a s i x  month per iod ,  a s o p h i s t i c a t i o n  i n  the s i t u a t i o n  appeared, 

w i t h  a rap id  r i s e  i n  performance i n  the f i r s t  few t r a i n i n g  days a f t e r  cue reversa l .  

R e t i c u l a r  records d i d  no t  regain a rhy thmic i t y  comparable w i t h  t ha t  i n  e a r l i e r  

t e s t s ,  even a t  performance l e v e l s  over 95 per  cent. I t  may be surmised tha t  

in fo rmat ion  essen t ia l  f o r  d i sc r im ina t  ion may have reached minimal propor t ions,  

and t h a t  appropr ia te behaviora l  performance may occur w i t h  l i t t l e  more than 

f l e e t i n g  a t t e n t i o n  t o  behaviora l  cues. A h igh  s c a t t e r  might once again appear 

i n  phase pa t te rns  o f  successive records, but  s u b t l y  d i f f e r e n t  f r o m  the i r r e g u l a r  

pa t te rns  i n  e a r l y  t r a i n i n g .  

ii) Comparison o f  EEG pat terns i n  o r i e n t i n g  and d i s c r i m i n a t i v e  behavior.  

The mammal ian  response t o  a sudden st imulus runs a gamut f rom the " s t a r t l e  

response," w i t h  a r r e s t  o f  ongoing behavior, through var ious  i n v e s t i g a t i v e  

reac t ions ,  t o  an almost i n f i n i t e  v a r i e t y  o f  complex coordinated motor pa t te rns ,  

c o n s t i t u t i n g  l ' f i g h t  o r  f l i g h t ' #  responses (21) .  I t  i s  i n  the second category 

t h a t  we may group the behaviora l  components o f  the o r i e n t i n g  r e f l e x ,  as f i r s t  

character ized by Pavlov (53). I t s  uniqueness res ts  on c e r t a i n  "p r i nc ip les "  

i n  the  in t imate  behavior o f  i t s  component re f lexes ,  i nc lud ing  t h e i r  n o n - s p e c i f i c i t y  

w i t h  respect t o  both q u a l i t y  and i n t e n s i t y  o f  the s t imulus,  and the s e l e c t i v i t y  

of var ious  p roper t i es  o f  the s t  imulus w i t h  repeated presentat  ion (62,63). 
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Although a s p e c i f i c  re la t i onsh ip  has been pos tu la ted  between hippocampal 

the ta  wave t r a i n s  and o r i e n t i n g  behavior (39), the e x q u i s i t e  p l a s t i c i t y  o f  

hippocampal the ta  rhythms i n  changing behaviora l  s ta tes ,  i nc lud ing  the appearance 

of burs ts  of waves i n  a narrow spec t ra l  range du r ing  performance o f  a v i s u a l  

d i s c r i m i n a t i v e  task,  have suggested more s u b t l e  and s p e c i f i c  r e l a t i o n s  t o  

A : c ~ ~ : - : n - t : a , e  F . . . r r t : r r n r  =-A ;~irlnnmnt r - . r s C . : l  it,, ( 2  1 2  CQ\ 
Y I ~ - *  I I I I I ~ B U C ~ V ~  I U ~ S ~ L I V I ~ ~  - l e u  J Y - ~ S I - * ( L  rur-ul I I L ~  , , I J , / V J .  

Radulovacki and Adey (58) found i t  poss ib le  t o  d i s t i n g u i s h  hippocampal 

EEG a c t i v i t y  i n  three bas ic  s ta tes  i n  the cat ;  i n  a l e r t  bu t  non-performing 

animals, i n  the course o f  d i sc r im ina t i ve  performances, and du r ing  o r i e n t i n g  

behavior. A l e r t  bu t  non-performing animals e x h i b i t e d  a wide spectrum o f  

" theta" waves i n  the range 3 t o  7 cycles per  second on f i r s t  i n t roduc t i on  

i n t o  the t e s t  s i t u a t i o n ,  wi thout  over t  aspects o f  o r i e n t i n g  behavior.  Dur ing 

T-box d i s c r i m i n a t i v e  performance, theta waves regu la r ized  a t  5 t o  6 cyc les 

per  second, as descr ibed above. 

i n  the same numbers on each t e s t  day and randomly in terspersed w i t h  d i s c r i m i n a t i v e  

t r i a l s ,  showed slower and less regular  averages a t  4 t o  5 cyc les per  second (Fig.11). 

Computed averages i n  o r i e n t i n g  t r i a l s ,  g iven  

I n s e r t  

F ig .  1 1 '  
he re 

These s tud ies  i nd i ca te  t h a t  i n  the ca t ,  hippocampal wave t r a i n s  r e l a t e  

i n  c ea r  and s p e c i f i a b l e  ways t o  the performance o f  a d i s c r i m i n a t i v e  task,  

3nd 

beha i o r .  C o l l e c t i v e l y ,  these s tud ies i n  hippocampal, sensory c o r t i c a l ,  

m idbra in  and subthalamic areas have suggested t h a t  the depos i t ion  o f  a ' b m o r y  

t race"  i n  extrahippocampal systems may depend on such wave t r a i n s ,  and subsequent 

recal  1 on the s tochas t i c  reestabl  ishment o f  s i m i l a r  pa t te rns  ( 1  1 ) .  

n d i f f e r e n t ,  bu t  equa l l y  recognizable pa t te rns ,  t o  aspects o f  o r i e n t i n g  

Al though no causal re la t i onsh ips  can be es tab l i shed a t  t h i s  t ime between 

the dec i s ion  making process and a p a r t i c u l a r  EEG pat te rn ,  the de tec t i on  o f  

d i f f e r e n c e s  i n  wave pa t te rns  i n  cor rec t  and inco r rec t  responses (12,13), us ing  

cross -corre l a t  ion and cross-spect r a l  techniques , has emphas ized the s t rong 
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I 

p o s s i b l i t y  o f  a s tochas t i c  mode o f  operat ion i n  the  hand l ing  o f  in fo rmat ion  

on the bas is  o f  a wave process. 

o f  the i nd i v idua l  neuron as depending no t  on ly  on i t s  prev ious experience o f  

Such a scheme would envisage the e x c i t a b i l i t y  

complex spat io- temporal  pa t te rns  o f  waves, bu t  w w l d  a l s o  suggest t h a t  the  

I 

I e f f ec t i veness  o f  any subsequent wave p a t t e r n  i n  e l i c i t i n g  neuronal f i r i n g  might I 

depend on i t s  m u l t i v a r i a t e  r e i a t i o n s h i p  t o  an "optimaii i wave pa t te rn ,  capable i 
o f  inducing f i r i n g  o f  t h a t  neuron a t  i t s  lowest threshold.  

8. Impedance changes i n  a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t i o n  i n  the cat .  

I n  a se r ies  o f  s tud ies,  we have measured the impedance o f  foca l  volumes 

o f  cerebra l  t i s s u e  w i t h  c h r o n i c a l l y  implanted coax ia l  e lec t rodes  a t  1000 cyc les 

pe r  second (7,8,9,10,57). The technique has been descr ibed i n  d e t a i l  elsewhere (44) 
2 

and uses a cur ren t  dens i t y  o f  10'13A per  o f  e lec t rode  surface, w i t h  a 

d i f f e r e n t i a l  s e n s i t i v i t y  one hundredth o f  t h a t  cu r ren t  l eve l .  The probable 

pathways fo r  these low leve l  measuring cur ren ts  1 i e  through the e x t r a c e l l u l a r  

f l u i d  and neurogl i a l  c e l l s ,  s ince both may be presumed t o  o f f e r  paths p re fe r red  

over the s u b s t a n t i a l l y  h igher  impedance route through neuronal membranes. 

E l e c t r i c a l  impedance was measured in the hippocampus, amygdala and midbra in  

r e t i c u l a r  formation du r ing  a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t i v e  performances (10). 

The impedance of small volumes o f  cerebral t i s s u e  changed d i f f e r e n t i a l l y  a t  

d i f f e r e n t  s i t e s  i n  the course o f  t h i s  r e p e r t o i r e  o f  a l e r t i n g  and learned responses. 

The magnitude o f  these impedance responses increased as l eve l s  o f  performance 

rose progress ive ly  above chance. They were suscept ib le  t o  cue reversa l  and 

subsequent r e t r a i n i n g .  V a r i a b i l i t y  as ind ica ted  by standard e r r o r  o f  the mean, 

was la rge  i n  records from i n i t i a l  t r a i n i n g  t r i a l s ,  decreased progress ive ly  w i t h  

t r a i n i n g ,  rever ted t o  wider l eve l s  on cue reversa l ,  and decreased once more 

I n s e r t  w i t h  r e t r a i n i n g  (F ig .  12). 

F ig .  1.2 
he re 
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i n  the f u l l y  t ra ined  animal, computed averages o f  hippocampal impedance 

decreased by as much as 8 per  cent o f  base l ine  du r ing  v i s u a l  d i sc r im ina t i on ,  

whereas a l e r t i n g  and o r i e n t i n g  responses immediately preceeding were n o t  

accompanied by comparable impedance changes. S i m i l a r  measurements i n  the  

r o s t r a l  midbra in r e t i c u l a r  format ion showed small responses du r ing  o r i e n t a t i o n  

e x h i b i t e d  consis tent  responses on ly  i n  the a l e r t i n g  epoch. 

9. The nature o f  the impedance response: the r o l e  o f  neuronal elements 

and the in f luence o f  d i v a l e n t  cat ions on e x t r a c e l l u l a r  macromolecules. 

Frun the foregoing, these impedance responses appear t o  r e l a t e  t o  changes 

i n  i n t r i n s i c  c h a r a c t e r i s t i c s  o f  cerebra l  t i ssue.  Our s tud ies  have ind ica ted  

t h a t  reg ional  d i f f e rences  i n  impedance responses occur w i t h  s h i f t s  i n  carbon 

d iox ide  l eve l s  induced by hypercapnea o r  hyperven t i l a t i on ,  and t h a t  they do 

not  a r i s e  i n  simple r e l a t i o n s h i p  t o  a l t e r a t i o n s  i n  blood pressure, cerebra l  

b lood f l ow  o r  b r a i n  temperature (9,57). 

I t  i s  genera l l y  agreed t h a t  e x t r a c e l l u l a r  space o f f e r s  a h igh  conductance 

pathway, bu t  i t s  p rec ise  r e l a t i o n s h i p  t o  the observed impedance requ i res  

cons idera t ion  o f  i t s  ex ten t  i n  cerebra l  t i ssue,  and i t s  content o f  macro- 

molecular  and i o n i c  ma te r ia l ,  as discussed above. I f  i t  i s  the s i t e  o f  the 

impedance changes descr ibed here,  then we must seek evidence o f  a temporary 

and presumably reve rs ib le  movement o f  ions i n t o  i t ,  a movement presumably 

i n i t i a t e d  i n  neuronal elements, but  capable o f  modulat ion by neurog l i a l  c e l l s ,  

o r  o f  i n f l uenc ing  neurogl ia. 

To t e s t  the r o l e  o f  neuronal elements, re t rograde degeneration was induced 

i n  t h e  l a t e r a l  gen icu la te  body by u n i l a t e r a l  resec t ion  of  the v i s u a l  cor tex.  

This  led t o  loss o f  about 80 per cent o f  l a t e r a l  gen icu la te  neurons, and was 

fo l lowed by per tu rba t ions  i n  genicu late impedance basel ines from 10 t o  30 days 
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postopera t ive ly .  Subsequently, impedance responses t o  a lcoho l  

. 26' 

and t o  a cyclohexamine drug were reduced t o  about 20 per  cent o f  those 

i n  the  i n t a c t  nucleus, thus i n d i c a t i n g  a requirement f o r  an i n t a c t  neuronal 

popu la t ion  i n  the  normal man i fes ta t ions  o f  impedance responses. 

The f i n d i n g s  suggest t h a t  t he  impedance responses a re  mediated through 

elements o f  conductance i n  an i n t e r c e l l u l a r  f l u i d  conta in ing  a m a t r i x  o f  

macromolecules. The ex ten t  t o  which changes i n  neurogl i a l  membrane res is tance 

might con t r i bu te  d i r e c t l y  remains uncer ta in  (50). 

The suscept ib l  i t y  o f  i n t e r c e l l u l a r  macromolecules t o  d i v a l e n t  ca t  

such as calcium, has led  us t o  i nves t i ga te  the e f f e c t s  o f  i n j e c t i o n  o f  

q u a n t i t i e s  o f  calc ium s a l t s  i n t o  the l a t e r a l  v e n t r i c l e  i n  the  c a t ,  w h i  

ons, 

sma 1 1  

e 

record ing w i t h  c h r o n i c a l l y  implanted coax ia l  e lec t rodes  the impedance i n  

p e r i v e n t r i c u l a r  s t ruc tu res ,  inc lud ing  hippocampus, caudate nucleus and amygdala (69). 

I n j e c t i o n s  o f  calc ium ch lo r i de  s o l u t i o n  (40 t o  60 microequiva lents  i n  0.1 m l )  

were made, preceded by 

the  c o n t r o l  i n j e c t i o n s  

components, beginning 

equ iva len ts  o f  calc ium 

A sharp 

5 t o  30 m 

so lu t ion ,  

I n s e r t  l a t e r a l  v e n t r i c l e  (Fig. 13). 

con t ro l  i n j e c t i o n s  o f  normal sa l ine .  No changes fo l lowed 

dec l ine  occurred i n  both r e s i s t i v e  and reac t i ve  

nutes a f t e r  i n j e c t i o n  o f  40 t o  180 mic ro-  

i n  the s t ruc tu res  named above, bounding the 

Impedance readings were s h i f t e d  from basel ine values by as much as 25 Fjx? 
he re  

per  cent f o r  per iods t h a t  exceeded 36 hours i n  some cases. Changes were l a rges t  

and e a r l i e s t  i n  s t ruc tu res  c loses t  t o  the t i p  o f  the cannula, and were delayed 

by 30 t o  50 minutes i n  reaching peak values i n  symmetr ical ly placed leads i n  

the opposi te  h a l f  o f  the bra in .  Maximum s h i f t s  occurred w i t h i n  two hours o f  

i n j e c t  ion. The i n t r a v e n t r i c u l a r  i n j e c t  ion was r e g u l a r l y  f o l  lowed by a topo- 

graph ica 1 l y  determined sequence o f  impedance changes, cons is ten t  w i t h  d i f f u s i o n  
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the 0 th  from t h e  i n j e c t i o n  s i t e  v i a  the cerebrospinal  f l u i d .  0 r hand, 

d i r e c t  i n j e c t i o n  o f  up t o  120 microequivalents i n t o  p e r i v e n t r i c u l a r  s t ruc tu res  

was wi thout  comparable e f f e c t s ,  except a t  e lec t rodes  immediately adjacent 

t o  the i n j e c t i o n  s i t e .  The onset o f  these impedance s h i f t s  i n  hippocampus 

and amygdala was accompanied by seizure-1 ike  discharges, bu t  the impedance 

s h i f t s  were prolonged many hours beyond cessat ion o f  gross EEG abnormal i t  ies.  

Thus the evidence i s  cons is tent  w i t h  the view t h a t  cerebra l  impedance 

changes accompanying phys io log ica responses may a r i s e  i n  per ineuronal  f l u i d  

w i t h  a subs tan t ia l  macromolecular content, and t h a t  calc ium ions may modulate 

per ineuronal  conduc t i v i t y ,  as we1 as f luxes  o f  sodium and potassium across 

the neuronal membrane. I n  such a frame, the d i sc losu re  o f  impedance changes 

i n  cerebra l  t i ssue  i n  the  course o f  a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t i v e  

responses, t h e i r  s e l e c t i v e  reg ional  d i s t r i b u t i o n ,  and dependence on l e v e l s  

o f  learn ing,  a l l  i n v i t e  considerat ion o f  the r o l e  o f  per ineuronal  elements 

i n  aspects o f  t ransac t i on  and storage of in format ion i n  b r a i n  t i ssue.  

Summa ry  

Th is  review has considered the gamut o f  neura l  o rgan iza t ion ,  ranging 

f rom subce l l u la r  events i n  the  genesis of i n t r a c e l l u l a r  waves, t o  the pa t te rns  

i n  sca lp  EEG records charac ter iz ing  a popu la t ion  o f  human subjects  i n  s ta tes  

o f  focused a t t e n t i o n  and v i s u a l  d i sc r im ina t i on .  A t r icompartmental  model o f  

cerebra l  t i ssue  i s  described, w i t h  neuronal, neu rog l i a l  and e x t r a c e l l u l a r  

d i v i s i o n s .  The r o l e  o f  macromolecular systems a t  the neuronal surface and 

i n  the  i n t e r c e l l u l a r  f l u i d  i s  considered. Evidence i s  presented t h a t  mucoproteins 

and mucopolysaccharides may be responsible f o r  ne t  f i x e d  

sur face,  and may thus p lay  a r o l e  in  i o n i c  f luxes across the membrane. D iva len t  

charges a t  the c e l l  
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cat ions,  such as calcium, may modify these macromolecular con f igura t ions .  

Impedance changes i n  cerebra l  t issue accompanying a l e r t i n g ,  o r i e n t i n g  and 

d i s c r i m i n a t i v e  responses are  described, w i t h  emphasis on t h e i r  regional  

d i s t r i b u t i o n , a n d  r e l a t i o n s h i p  t o  leve ls  of  learn ing.  T h e i r  poss ib le  o r i g i n  

i n  a 1 tered conductance i n  e x t  raneurona 1 compa rtments i s  d i scussed . Genes i s  

o f  the electroencephalogram i n  a populat ion o f  neuronai wave generators i s  

reviewed, and evidence presented that  these generators are non-1 i n e a r l y  

re la ted ,  w i t h  the EEG a r i s i n g  as a normal d i s t r i b u t i o n  from the combined 

a c t i v i t y  o f  such non-1 i n e a r l y  re la ted neuronal generators. 

A c know 1 ed amen t s 

The stud ies fran our laboratory  presented i n  t h i s  paper have involved 

the dedicated e f f o r t s  o f  my many colleagues i n  the  Space Bio logy Laboratory, 

t o  whom I o f f e r  my s incere thanks. These s tud ies  were supported by Grants 

NB-01883 and MH-03708 f rom the  Nat ional  I n s t i t u t e s  o f  Heal th ,  Contract  

AF(k9) 638-1387 w i t h  Uni ted States A i r  Force O f f  i ce of S c i e n t i f i c  Research, 

Contract  NONR 233(91) w i t h  the  Of f ice o f  Naval Research, and Contracts 

NsG 237-62, NsG 502, NsG 505 and NSG 1970 w i t h  the Nat ional  Aeronautics and 

Space Admi n i s t  r a  t ion. 



. 

RE FERE NC E S 

1. Adey, W.R. 1959. Recent studies o f  the rhinencephalon i n  r e l a t i o n  t o  

temporal lobe ep i lepsy  and behavior d isorders.  I n te rna t .  Rev. Neurobiol . ,  

Vol. 1 ,  pp. 1-46. . 

2. Adey, W.R. 1964. Data a c q u i s i t i o n  and ana lys i s  techniques i n  a b r a i n  

research i n s t i t u t e .  Ann. New York Acad. Sci., Vol. 115, A r t i c l e  2, 

pp. 844-866. 

3. Adey, W.R. 1966. Neurophysiological  co r re la tes  o f  in fo rmat ion  t ransac t ion  

and storage i n  b r a i n  t i ssue.  Progress Phys io l .  Psychol., Vol. 1 .  i n  press. 

4. Adey, W.R., Dunlop, C.W., and Hendrix, C.E. 1960. Hippocampal slow waves; 

d i s t r i b u t i o n  and phase r e l a t i o n s  i n  the  course o f  approach learn ing.  

Amer. Med. Assoc. Arch. Neurol., Vol. 3, pp. 74-90. 

5. Adey, W.R., and E l u l ,  R. 1965. Nonl inear  r e l a t i o n s h i p  o f  spikes and 

waves i n  c o r t i c a l  neurons. The Phys io log i s t ,  

Adey, W.R., E l u l ,  R., Walter,  R.D., and Crandal 6. 

Vol. 8, p. 95. (Abs t rac t ) .  

, P.H. 1966. The cooperat ive 

behavior o f  neuronal populat ions dur ing  s leep and mental tasks. 

Proc. Am. Electroenceph. SOC., Annual Meeting, Denver, October 1966. 

7. Adey, W.R., Kado, R.T., and Did io ,  J .  1962. impedance measurements 

i n  the b r a i n  t i ssue  o f  chronic animals us ing m i c r o v o l t  s ignals .  

Exper. Neurol., Vol. 5, pp. 47-66. 

8. Adey, W.R., Kado, R.T., D id io ,  J., and Schindler ,  W.J. 1963. Impedance 

changes i n  cerebra l  t i ssue  accompanying a learned d i s c r i m i n a t i v e  

performance i n  the ca t .  Exper. Neurol., Vol. 7, pp. 282-293. 

9. Adey, W.R., Kado, R.T., and Walter,  D.O. 1965. impedance c h a r a c t e r i s t i c s  

o f  c o r t i c a l  and subcor t i ca l  s t ruc tu res ;  eva lua t ion  o f  reg ional  

s p e c i f i c i t y  i n  hypercapnea and hypothermia. Exper. Neurol., Vol. 1 1 ,  

pp. 190-216. 



30 . 
10. Adey, W.R., Kado, R.T., Mcl lwain, J.T., and Walter 

Regional cerebra l  impedance changes i n  a l e r t i n g ,  

d i s c r i m i n a t i v e  responses; the r o l e  o f  neuronal e 

phenomena. Exper. Neurol., Vol. 15, pp. 490-510 

D.O. 1966. 

o r i e n t i n g  and 

ements i n  these 

11.  Adey, W.R., and Walter,  D.O. 1963. A p p l i c a t i o n  o f  phase d e t e c t i o n  

and averaging techniques i n  computer a n a l y s i s  o f  EEG records i n  the  

cat.  Exper. Neurol., Vol. 7, pp. 186-209. 

12. Adey, W.R. , Walter, D.O. , and Hendrix,  C.E. 1961. Computer techniques 

i n  c o r r e l a t i o n  and spec t ra l  analyses o f  cerebral  slow waves dur ing  

d i s c r i m i n a t i v e  behavior. Exper. Neurol.  , Vol. 3 ,  pp. 501 -524. 

13. Adey, W.R., Walter,  D.O., and L inds ley,  D.F. 1962. E f f e c t s  o f  sub- 

thalamic les ions on learned behavior and cor re la ted  hippocampal 

and subcor t i ca l  slow wave a c t i v i t y .  A.M.A. Arch. Neurol. ,  Vol. 6, 

pp. 194-207. 

14. Alajouanine, T. 1961, Ed., "Les Grandes A c t i v i t g s  du Rhinenc&phale." 

I I. Physio log ie e t  Pathologie du RhinencGphale. Masson, P a r i s .  

15. Amassian, V.E., Macy, J., and Wal ler ,  H.J. 1961. Patterns o f  a c t i v i t y  

o f  s imultaneously recorded neurons i n  midbra in r e t i c u l a r  formation. 

Ann. New York Acad. Sci., Vol. 89, pp. 883-895. 

16. Andersen, P., Eccles, J.C., and Ldyning, Y. 1963. Recurrent i n h i b i t i o n  

i n  the hippocampus w i t h  i d e n t i f i c a t i o n  o f  the i n h i b i t o r y  c e l l  and i t s  

synapses. Nature, Vol. 198, pp. 540-542. 

17. Baldwin, M., and Bai ley,  P. 1959. 'Temporal Lobe Epilepsy. ' '  Thomas, 

Spr i n g f  ie  id .  

18. Bar rne t t ,  R.J. 1963. Fine s t r u c t u r a l  bas is  of enzymatic a c t i v i t y  

i n  neurons. Trans. Amer. Neurol. ASSOC., Vol. 88, pp. 123-126. 



' 31. 

19. Bennett, H.S.  1963. Morphological aspects of extracellular poly- 
~ 

I saccharides. J. Histochem. Cytochem., Vol. I I ,  pp. 14-23. 

20. Brandt, P.W. 1962. A consideration of the extraneous coats of the 

plasma membrane. Circulation, Vol. 26, pp. 1075-1091. 

21. Cannon, W.B. 1929. "Bodily Changes in Pain, Hunger, Fear and Rage." 

22. Chow, K.L., Dement, W.C. and Mitchell, S.A. 1959. Effects o f  lesions 

o f  the rostral thalamus on brain waves and behavior in cats. 

Electroenceph. cl in. Neurophysiol., Vol . 11, pp. 107-120. 
I 23. Cramer, H .  1962. "The Elements of Probability Theory.'' Wiley, New York. 

24. Creutzfeldt, O.D., Fuster, J.M., Lux, H.D., and Nacimiento, A. 1964. 

Experimentel ler Nachweis von Beziehungen zwischen EEG-we1 len und 

Act ivitat Corticaler Newenzel len. Naturwissenschaft., Vol. 51, 

pp. 166-167. 

25. Doty, R.W., Beck, E.C., and Kooi, A .  1959. Effect of brainstem 

lesions on conditioned responses of cats. Exper. Neurol., Vol. 1, 

pp. 360-385. 

~ 26. Drachman, D.A., and Omnaya, A . K .  1964. Memory and the hippocampal 1 
~ I 

complex. A.M.A. Arch. Neurol., Vol. 10, pp. 411-425. 

27. Elazar, A . ,  and Adey, W.R. 1965. Cortical, subcortical and rhinen- 

cephalic interrelations in arousal and discrimination estimated 

with cross-spectral analysis. Proc. Am. Electroenceph. SOC., 

Nov. 1965, p. 72. 

28. Elul, R. 1962. Dipoles of spontaneous activity in the cerebral cortex. 

Exper. Neurol . , Vol . 6, pp. 285-289. 
29. Elul, R .  1964. Specific site of generation of brain waves. 

The Physiologist, Vol. 7, p. 125 (Abstract). 



. 
3 2' 

30. 

31. 

32. 

33. 

34. 

35 - 

36. 

37. 

38. 

E l u l ,  R. 1966a. Dependence o f  synap t i c  t ransmiss ion on p r o t e i n  

metabolism o f  nerve c e l l s :  a poss ib le  e l e c t r o k i n e t i c  mechanism 

o f  learn ing? Nature, Vol. 210, pp. 1127-1131. 

E l u l ,  R. 19666. Use o f  non-uniform e l e c t r i c  f i e l d s  f o r  eva lua t i on  

o f  the p o t e n t i a l  d i f f e r e n c e  between two phases. Trans. Faraday SOC. 

I n  press. 

E l u l ,  R. 1966~. Ampli tude histograms of the EEG as  an i n d i c a t o r  o f  

the cooperat ive behavior o f  neuron popu la t ions .  Proc. Arner. 

Electroenceph. SOC., October 1966. I n  press. 

Fox, S.S., and O'Brien, J.H. 1965. D u p l i c a t i o n  of evoked p o t e n t i a l  

waveform by curve o f  p r o b a b i l i t y  o f  f i r i n g  o f  a s i n g l e  c e l l .  

Science, Vol. 147, pp. 888-890. 

Fros t ,  J.D., Kellaway, P .  and Gol, A. 1966. S ing le  u n i t  discharges 

i n  i s o l a t e d  cerebra l  cortex.  Exper. Neurol., Vol 14, pp. 305-316. 

F u j i t a ,  Y., and Sato, T. 1964. I n t r a c e l l u l a r  records from hippocampal 

pyramidal c e l l s  i n  r a b b i t  dur ing  the ta  rhythm a c t i v i t y .  J. Neurophysiol., 

Vol. 27, pp. 1011-1025. 

Gastaut, H. 1957. E t a t  ac tue l  des conna issances sur  1 'e lectroencgph- 

alograph i e  du cond i t ionnement . 
c l  in. Neurophysiol., Suppl. 6, pp. 133-160. 

Col loque de Ma rse i 1 l e .  E l e c t  roenceph. 

Gastaut, H. 1958. The r o l e  o f  the r e t i c u l a r  format ion i n  e s t a b l i s h i n g  

condi t ioned reac t ions .  In "Ret icu la r  Formation o f  the Brain." 

H.H. Jasper, L.C. P roc to r ,  R.S. Knighton, W.C. Noshay, and R.T. Cos te l l o ,  

eds. pp. 561-579. L i t t l e ,  Brown, Boston. 

Gastaut, H., and Lammers, H.J. 1961. Anatomie du rhinencgphale. 

- I n  "Les Grandes A c t i v i t g s  du Rhinencgphale," T. A l jouan ine ,  ed. 

Vol. 1 ,  pp. 1-66. Masson, Par is .  



3 3  

39. Grastyan, E., L issak,  K., Madarasz, I . ,  and Donhoffer, H. 1959. 

Hippocampal e l e c t r i c a l  a c t i v i t y  dur ing  the development o f  condi t ioned 

ref lexes.  Electroenceph. c l  in. Neurophysiol.  , Vol 1 1  , pp. 409-430. 

40. Harreveld,  A. van, Crowel l ,  J., and Malhotra, S.K. 1965. A study o f  

e x t r a c e l l u l a r  space in  c e n t r a l  nervous t i s s u e  by freeze-subst i t u t i o n .  

j. k i i .  Bioi. ,  voi. 25, pp. i i - i 3 8 .  

41. Iwama, K. 1950. Delayed condi t ioned r e f l e x  i n  man and b r a i n  waves. 

Tohoku J. exper. Med. , Vol. 52, pp. 53-62. 

42. Jasper, H.H., R i c c i ,  G.F. and Doane, B. 1958. Pat terns of c o r t i c a l  

neuronal discharge d u r i n g  condi t ioned behavior in  monkeys. I n  

"Neurological Basis of Behavior," pp.  277-290. G.E.W. Wolstenholme 

- 

and C.M. O'Connor, eds. L i t t l e ,  Brown, Boston. 

43. Jasper, H.H., and Stefanis ,  C. 1965. I n t r a c e l l u l a r  o s c i l l a t o r y  

rhythms i n  pyramidal t r a c t  i n  the ca t .  Electroenceph. c l i n .  

Neurophysiol., Vol. 18, pp. 541 -553. 

44. Kado, R.T., and Adey, W.R. 1965. Method f o r  measurement of impedance 

changes i n  b r a i n  t i ssue.  Digest o f  6 t h  I n t e r n a t .  Conf. on Med. 

E lec t ron ics  and B i o l .  Engineering. Tokyo, Japan, August 1965, p .  551. 

45. Kamikawa, K., Mcl lwain,  J.T., and Adey, W.R. 1964. Response pa t te rns  

o f  thalamic neurons d u r i n g  c l a s s i c a l  cond i t ion ing .  Electroenceph. 

c l  in. Neurophysiol . , Vol . 17 , pp. 485-496. 

46. Katchalsky, A .  1964. P o l y e l e c t r o l y t e s  and t h e i r  b i o l o g i c a l  in te rac t ions .  

I n S ympos i um , I Y: onne c t i ve T i s sue : I n t e  rce 1 1 u 1 a r Ma c romo 1 ecu 1 e s . ' I  

pp. 9-42. New York Heart  Associat ion.  L i t t l e ,  Brown, Boston. 

47. Kellaway, P.M., and Maulsby, R. 1966. Pre l im inary  repor t .  M-8  

experiment: I n - f l i g h t  sleep ana lys is  i n  Gemini V I 1  f l i g h t .  I n  

Gemini Mid-program Conference Proceedings, P a r t  I I .  Houston, 

- 

Feb rua r y  1 966. 



. 
34 

48. LGve, M .  1955. "Probabi 1 i t y  Theory." Van Nostrand, Princeton. 

49. Moruzzi, G .  1954. The  physiological propert ies  of t h e  brain s t e m  

r e t i cu la r  formation. I n  "Brain Mechanisms and Consciousness," 

J.F. Delafresnaye, e d .  pp. 21-53. Thomas, Springfield.  

- 

50. N cholson, P.W. 1966. Specif ic  impedance of cerebral w h i t e  matter.  

c .I -..- - 1  I f - - 1  * -  - b r i t  I . - *  
LApGI . I lCUI  U t  e ,  V u I .  I >  , pp.  > o o Y u I  e 

51. 0 d s ,  J .  and O l d s ,  M.E. 1961. Interference and learning i n  paleo- 

cor t ica l  systems. I n  "Brain Mechanisms and Learning," J .F.  Delafresnaye, 

e d .  pp. 153-188. Blackwell, Oxford. 

- 

52. Palay, S.L. and Pe ters ,  A .  1964. An e lectron microscope s t u d y  of 

t h e  d i s t r ibu t ion  and patterns of a s t rog l i a l  processes i n  the central  

nervous system. Proc. Anat. SOC. Great Bri ta in  and Ireland, 

November 1964, p. 17. 

53. Pavlov, I.P. 1947. "Complete Collected Works," Vol. 4 ,  p.  351. 

Quoted by E.N. Sokolov, 1963. 

54. Pease, D.C.  1966. Polysaccharides associated w i t h  t h e  e x t e r i o r  

surface of e p i t h e l i a l  cel Is: K i d n e y ,  in tes t ine ,  brain.  Anat Rec., 

Vol. 154, p.  400 (Abstract) .  

55. Penfield,  W.  1958. Functional local izat ion i n  temporal and d e e p  

sylvian a reas .  Assoc. Res. n e r v .  m e n t .  Dis., Vol. 36, pp. 210-226. 

56. Porter ,  R . ,  Adey, W . R . ,  and Brown, T.S. 1964. Effects  of small 

hippocampal lesions on locally recorded poten t ia l s  and on behavior 

performance i n  t h e  ca t .  Exper. Neurol., Vol. 10, pp. 216-235. 

57. Por te r ,  R . ,  Adey,  W . R . ,  a n d  Kado, R.T. 1964. Measurement of e l e c t r i c a l  

impedance i n  t h e  human brain. Neurology, Vol. 14, pp. 1002-1012. 

58. Radulovacki, M . ,  and Adey,  W.R.  1965. The hippocampus and t h e  or ient ing 

reflex.  Exper. Neurol., Vol. 12,  pp.  68-83. 



1 

35 

. 
59. Ral l ,  W . ,  Shepherd, G . M . ,  Reese, T.S., and Brightman, M.W. 1966. 

Dendrodendrit ic synapt ic  pathway f o r  inhibi t ion i n  t h e  o l fac tory  

b u l b .  Exper. Neurol., Vol. 14, pp. 44-56. 

60. Scheibel, M.E.,  Scheibel, A.B., Mollica, A . ,  and Moruzzi, G .  1955. 

Convergence and interaction of a f f e ren t  impulses o n  s ing le  u n i t s  

of r e t i c u l a r  formation. J .  Neurophysiol., Vol. 18, pp. 309-33 

61. Shol1 ,. D . A .  1956. I 7 h e  Organization of t h e  Cerebral Cortex.'' 

Methuen ,  London. 

62. Sokolov, E.N.  1963. Higher nervous functions: t h e  or ient ing r 

Ann. Rev. Physiol. ,  Vol. 25, pp. 545-580. 

63. Verzeano, M .  and N e g i s h i ,  K .  1960. Neuronal a c t i v i t y  i n  c o r t i c  

and thalamic networks. J .  gea.Physiol.,  Vol. 43, supp l .  6, pp 

le 

177-1 95. 

64. Vinagradova, O.S.  1961. 'Qrientirovochnyi Reflexi ego Neyrofiziolo- 

gicheskie Mechanizmi , I '  Izd-vo APN RSFSR, Sta t e  Pub1 i s h i n g  House, Moscow. 

65. Walter, D.O. ,  and Adey, W.R. 1963. Spectral analysis  of e l ec t ro -  

encephalograms during learning i n  t h e  c a t ,  before and a f t e r  

subthalamic lesions.  Exper. Neurol., Vol. 7 ,  pp. 481 -503. 

66. Walter, D.O. and Adey, W.R. 1965. Analysis of brain wave generators 

a s  m u l t i p l e  s t a t i s t i c a l  time s e r i e s .  I n s t .  E lec t r ica l  and Electronic 

Engineers, Trans. Biomed. Eng., Vol. 12 ,  pp. 8-13. 

67. Walter, D.O., Rhodes, J.M., and Adey, W.R. 1966. Discriminating among 

s t a t e s  of consciousness by EEG measurements. Electroenceph. c l i n .  

Neurophys io1 . I n  press. 

68. Walter, D.O. ,  Rhodes, J.M., Kado, R.T. and A d e y ,  W . R .  1966. A normative 

1 ibrary of t h e  human electroencephalogram, assessed by computer analysis  

i n  re la t ion t o  behavioral s t a t e s .  I n  preparation. 



. 
69. Wang, H.H., Tarby, T.J., Kado, R.T., and Adey, W.R. 1966. 

Pe r iven t  r i cu l a  r ce reb r a  1 impedance a f t e r  i n t  ravent r 

i n j e c t i o n .  I n  press. 

70. Weiss, P. 1964. The dynamics o f  the membrane-bound 

c u l a r  calc ium 

n compressible 

body: a mechanism of c e l l u l a r  and s u b c e l l u l a r  m o t i l i t y .  Proc. Nat. 

Acad. Sc i .  Washington, voi.  52, pp. I U L L ) - I U L ~ .  
.-..I. 

71. Yoshi i ,  N., and Ogura, N. 1960. Studies on the u n i t  d ischarge o f  

brainstem r e t i c u l a r  format ion i n  the cat. Med. J. Osaka Univ.,  

Vol. 1 1 ,  pp. 1-17. 



Fig.  1. 

F ig .  2. 

F ig .  3.  

F ig .  4 .  

LEGENDS TO FIGURES 

Induc t ion  o f  movement in  a body having ne t  f i x e d  sur face charge 

i n  the presence o f  a non-uniform e l e c t r i c  f i e l d .  (From E l u l ,  1966b). 

a r  

*c 
VI 

Typ ica l  examp 

(! CV.! r t race) 

a c t  ion potent  

es o f  c o r t i c a l  sur face ( top  t race) and i n t r a c e l l u  

reccrds I:: the  same dcaaln  sf t issze .  I n l t i s t i s n  

a l s  i n  the i n t r a c e l l u l a r  records occurs on the  

depo la r i z ing  phase o f  the concurrent wave process, bu t  no t  

necessar i l y  on the largest  waves. Records A and B dur ing  s leep 

show slow waves i n  both e x t r a c e l l u l a r  and i n t r a c e l l u l a r  t races,  

whereas the  a l e r t e d  record (C) i s  f a s t e r  i n  both. Ca l i b ra t i ons  

f o r  EEG channel, 50 mic rovo l ts ;  f o r  i n t r a c e l l u l a r  records, 50 

m i l l i v o l t s .  (From E l u l ,  1965). 

Auto -spect ra  1 dens i t y d i s t r i bu t  i ons f o  r s imu 1 taneous i nt  race 1 1 u 1 a r 

and surface EEG records f rom the same region o f  suprasy lv ian 

cor tex  i n  the cat .  Comparisons a r e  f o r  two d i f f e r e n t  neurons, 

and show s i m i l a r i t i e s  in  spec t ra l  contours between sur face and 

c e l l u l a r  records. (From E l u l ,  1965). 

P l o t  o f  coherence over a 500 second epoch between i n t r a c e l l u l a r  

wave records and EEG from c o r t i c a l  surface i n  same domain o f  t i ssue .  

Coherence leve ls  a re  below s t a t i s t i c a l l y  s i g n i f i c a n t  l e v e l s  a t  a l l  

frequencies f o r  the major p a r t  o f  the ana lys i s  epoch, and the 

incidence o f  s i g n i f i c a n t  l e v e l s  o f  coherence (shown i n  black) 

remains around chance leve ls  throughout the ana lys is .  The f i nd ings  

a re  i n te rp re ted  as i n d i c a t i n g  o r i g i n s  o f  the EEG i n  a popu la t ion  

of  independent neuronal generators (see t e x t ) .  (From E l u l  , 1965). 
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c 
Fig .  5. Averaged spec t ra l  d e n s i t i e s  over the range 0 t o  25 cycles pe r  

second f o r  a popu la t i on  o f  50 subjects,  w i t h  each spectrum 

presented as a se r ies  o f  bars a t  1 cyc le  p e r  second i n t e r v a l s ,  

and placed a t  the appropr ia te  l o c a t i o n  on the  scalp. The top  

l e f t  f i g u r e  i s  an average f o r  a l l  sub jec ts  across 12 s i t u a t i o n s  

I - - -  e--+\ Thr. r - -+rr . . r  rrF e h : r  = \ ~ P c = ~ o  ,.me t h a n  ~ * c n r l  3 s  !--+e 
{ S G G  L G A L J .  I I I G  L U I I C V U I  ut LI I I ; )  u v b m u 3 -  ..u- c 1 8 b - i i  uau- 

mean aga ins t  which t o  measure dev ia t i ons  i n  the  succeeding f i v e  

s i t u a t i o n s ,  w i t h  powers above the mean a t  any frequency shown as 

a bar above the  basel ine and v i c e  versa. C a l i b r a t i o n s  fo r  average 

over 12 s i t u a t i o n s  in  m ic rovo l t s  squared p e r  second per  cycle;  

f o r  the separate s i t u a t i o n s ,  i n  standard dev ia t ions .  (From Walter,  

Rhodes, Kado and Adey, 1966). 

Fig.  6. Pa t te rn  recogn i t i on  techniques app l i ed  t o  spec t ra l  outputs from 

4 subjects,  separate ly  and j o i n t l y ,  w i t h  development o f  a m a t r i x  

d i s p l a y  o f  automated c l a s s i f i c a t i o n s  f o r  f i v e  s i t u a t i o n s :  EC-R, 

eyes closed res t i ng ;  EO-R, eyes open res t ing ;  EC-T, eyes closed 

while performing an aud i to ry  v i g i  ance task; EO-T-3, performing 

moderately d i f f i c u l t  v i sua l  d i s c r  minat ions i n  3 seconds; EO-T-1, 

performing d i f f i c u l t  v i sua l  d i s c r  minat ions i n  1 second. (From 

Wa 1 t e r  , Rhodes and Adey, 1966). 

F ig .  7. Analys is  o f  EEG records from a l t i t u d e  chamber Gemini f l i g h t  

s imulat ion.  E lec t rode placements, amp1 i f i e r s  and recording 

equipment were i d e n t i c a l  w i t h  ac tua l  f l i g h t  systems. L e f t  and 

middle contour p l o t s  show auto-spec t ra l  d e n s i t i e s  i n  the two EEG 

channels. Right hand p l o t  shows coherence between them. Averaged 

spec t ra l  d e n s i t i e s  f o r  each channel were prepared from more than 

40 epochs, each 20 seconds i n  dura t ion .  (So l i d  l i n e  i n  lower t races, 
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1 inear  p l o t ;  dashed 1 ine, l oga r i t hm ic  p l o t ) .  Coherence between 

EEG channels ( r i g h t  contour p l o t )  reaches s t a t i s t i c a l l y  s i g n i f i c a n t  

l eve l s  on ly  spo rad ica l l y  (b lack  zones), ma in l y  a t  frequencies 

between 3 and 5 cyc les per second. 

F ig .  8. Contour maps of EEG data from F. Borman i n  Gemini F l i g h t  GT-7. 

Prelaunch and launch epochs a r e  shown i n  the top  row o f  maps. 

Auto-spectral  d e n s i t i e s  i n  the  the ta  range were augmented i n  the 

two EEG channels (CPEEG4 and CPEEG5) prelaunch, w i t h  g rea t  e x a l t a t i o n  

of many EEG frequencies immediately before and du r ing  1 i f t - o f f .  

Coherence between the  channels (CPEEG5/CPEEG5) became s i g n i f i c a n t  

a t  p rogress ive ly  h igher  f requencies i n  the  15 minutes before launch, 

but  dec l ined sharply a t  l i f t - o f f  f o r  the f i r s t  5 minutes o f  f l i g h t .  

Thereaf te r  the  coherence i n  the range from 3 t o  1 1  cyc les showed a 

gradual r e t u r n  a t  p rogress ive ly  h igher  f requencies,  and i n  

cont inuat ion  o f  the f i r s t  o r b i t  (B) ,  a t t a i n e d  very h igh  values 

across the spectrum from 3 t o  1 1  cyc les,  i n  a fashion no t  seen i n  

any con t ro l  records on the ground, nor  i n  subsequent f l i g h t  records. 

Cal i b ra t i ons  i n  auto-spect ra l  contours a re  i n  m ic rovo l t s  squared 

per  second pe r  cyc le .  Shaded contours a re  100-300 pV /sec/cycle, 
2 

ho r i zon ta l  shading; 300-1000, v e r t  

b lack.  In  the coherence p l o t s ,  va 

s i g n i f i c a n t  l eve l )  a r e  i n  b lack.  

cal  shading; over 1000, so  

ues above 0.7 ( s t a t i s t i c a l  

i d  

Y 

F ig .  9. Development o f  an i n h i b i t o r y  cond i t i ona l  response i n  an habenular 

u n i t .  Each do t  represents a u n i t  d ischarge, and each ho r i zon ta l  

row o f  dots,  a s i n g l e  t r i a l .  T r i a l s  a re  grouped according t o  

s t imulus cond i t ions .  A :  s c i a t i c  czrve s t i m u l a t i o n  on ly  (US) as 

con t ro l ;  B: f l a s h  on ly  (CS)  con t ro l ;  C:  f l a s h  and s c i a t i c  pra ised 
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i n  f i r s t  sequence o f  t r a i n i n g  t r i a l s .  L e f t  v e r t i c a l  l i n e  i nd i ca tes  

t ime o f  CS presentat ion.  V e r t i c a l  1 ine marked " s c i a t i c "  i nd i ca tes  

t ime o f  onset o f  US. (From Kamikawa, Mc l lwa in  and Adey, 1964). 

F ig .  10. Representative EEG records w i t h  computed averages from 20 p a i r s  o f  

hippocampal t races a t  m i d - t r a i n i n g  a f t e r  f i r s t  cue reversa l  ( l e f t ) .  

Note Irregu!ar c h ~ r ~ c t e r  ~f tvetsge;. L S t e i  iii ti-Girting, rhythmic 

average appeared ( r i g h t )  and was sustained i n t o  ove r t ra in ing .  

(From Adey and Wa 1 ter  , 1963) . 
F ig .  1 1 .  E f f e c t s  o f  i n t r o d u c t i o n  o f  o r i e n t i n g  t r i a l s  ( d a i l y  w 4 0 )  i n t o  

t r a i n i n g  schedules of a c a t  a l ready  a t  a h i g h  l e v e l  i n  d i s c r i m i n a t i v e  

task  performance. 

showed h igh  ampl i tude waves a t  6 cyc les  pe r  second. 

interspersed o r i e n t i n g  t r i a l s  (B) e x h i b i t e d  a lower amp1 i t ude  t o  

4 t o  5 cyc les  pe r  second rhythm i n  l a t e r  p a r t s  o f  ana lys i s  epoch. 

(From Radulovacki and Adey, 1965). 

Computed averages du r ing  d i s c r i m i n a t i o n  (A) 

Randomly 

F ig .  12 Ca lcu la t i ons  o f  means and v a r i a b i l  i t y  i n  hippocampal impedance over 

5-day per iods  a t  various l e v e l s  of t r a i n i n g ,  w i t h  successive 

presenta t ions  o f  a l e r t i n g ,  o r i e n t i n g  and d i s c r i m i n a t i v e  s t i m u l i .  

I n  each graph, middle t race  ind ica tes  mean, w i t h  upper and lower 

t races  showing one standard d e v i a t i o n  from the  mean. C a l i b r a t i o n s  

i nd i ca te  50 p ico farads ,  w i t h  mean base1 ine a t  11.1 k i l op i co fa rads  

throughout the  t r a i n i n g  maneuvers; and 100 ohms, aga ins t  a mean 

basel ine o f  16.0 kilohms f o r  the same per iod.  V a r i a b i l i t y  was 

low a t  100 p e r  cent performance ( A ) ,  increased s u b s t a n t i a l l y  

immediately a f t e r  cue reversal ( B ) ,  bu t  decreased aga in  a f t e r  

r e t r a i n i n g  ( C ) .  (From Adey, Kado, Mcl lwain and Walter,  1966). 
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. 
Fig. 13. Impedance measurements in  l e f t  and r i g h t  caudate n u c l e i ,  w i t h  

c h r o n i c a l l y  implanted coaxial e lect rodes.  Contro l  i n j e c t i o n  

of 0.1 m l  normal s a l i n e  a t  50 minutes was fol lowed by 3 i n j e c t i o n s  

of calcium c h l o r i d e  (each 60 microequiva lents  i n  0.1 m l )  a t  

110, 175 and 210 minutes. Res is t i ve  (so l  i d  1 ine) and reac t ive  

(dashed l i n e )  readings are shown f o r  both s t ructures.  Ordinate 

scales: res is tance i n  Kilohms (@ and capacitance i n  K i lop ico farads  

(Kpf) . (From Wang, Tarby, Kado and Adey, 1966). 
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UNIT CONDITIONING - RIGHT N. HABENULAE LATERALIS 
INTERTRIAL INTERVAL = IO  SEC. 
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COMPUTED HIPPOCAMPAL AVERAGES CAT B P I 5  
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IMPEDANCE IN ALERTING, ORIENTATION AND DISCRIMINATION 
COMPUTED MEANS WITH VARIANCE - AVERAGES FOR 5 DAYS 
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